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PREFACE 
Forced convection heat transfer to high-quality two-phase mixtures 
in helically coiled tubes was studied·. Circumferential average and 
local heat transfer coefficients were correlated as a function of the 
Lockhart-Martinelli parameter. A visual flow study and a study of 
system stability were also performed. 
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CHAPTER I 
INTRODUCTION 
The effect of ,helical geometry on single-phase convection heat 
transfer has been studied by investigators since 1925, using both ana-
lytic<:!.! and experimental techniques. However, only a limited .numbe.r of 
studies on two-phase forced convection heat transfer in helical coils 
has been reported. In these, there is considerable scatter in the ex-
perimental data points for the high quality regime (greater than 50% 
steam by weight). The purpose of the study reported herein was to pro-
vide insight on the mechanism of two-phase forced convection heat 
transfer in a helical coil and to obtain additional, more accurate ex-
perimental data in the high quality regime. 
In a straight-tube boiling system with net steam production. 
several different flow regimes may exist within the tube~ For a sub-
cooled water feed with superheated steam effluent the following flow 
regimes are preeent: 
1) single-phase water 
2) bubble or froth flow 
3) slug flow 
4) annular flow 
5) mist flow, and 
6) single-phase steam. 
However, for steam qualities of greater than 50%, the void fraction 
1 
2 
(vapor volume fraction) is generally well above 90% and only the mist 
and the annular-mist flow regimes are possible. These flow regimes are 
characterized by small liquid droplets which are carried along by the 
vapor-flow. 
Coil geometry can modify the mist flow patterns that would exist 
in a straight tube. The radial velocity component produced by the cen-
trifugal force results in a secondary flow pattern superimposed on.the 
main flow pattern (See Figure 1). Liquid particles are flu~g onto the 
outer wall of the tube and spiral back to the inner wall as they move 
along the tube, due to.drag forces exerted by the secondary flow pat-
te.rn in the vapor core. From this point they are re-entrained by the 
main stream and flung onto the outer wall again. Thus the secondary 
flow, by causing the mist to form a continuous liquid phase on the 
heated surface, causes the heat to be transferred from the wall 
directly to the liquid and thus improves the he.at transfer. 
Secondary flow 
pattern 
Figure 1. Secondary Flow in a Coil 
Axis of 
helix 
3 
CHAPTER II 
LITERATURE SURVEY 
Single-Phase Heat Transfer in .Curved Channels 
Kreith .(13) performed an analytical study of the influences of 
curvature on heat transfer to incompressible fluids. Using the anaology 
between momentum transfer and heat transfer and experimental result~ of 
wall shear stress and velocity distribution obtained by Wattendorf (30), 
Nusselt numbers were calculated for concave and convex heating sur-
faces. The calculations were performed for Reynolds numbers ranging 
from 0.01 to 100, and for radii of curvature ranging from 0.12 tq 1.2 
feet, It was found that the heat transfer coefficient for a heating 
surface with a concave curvature is considerably higher than for a 
heating surface with a convex curvature under similar flow conditions. 
An experimental investigation of heat transfer in coiled tubes 
during laminar and turbulent flow was performed by Seban.and McLaughlin 
(29). The authors measured heat transfer coefficients in coiled ,tubes 
with. ratios of coil to t\lbe diameter of 17 and 104 for Reynolds num-
bers from 12 to 6.5 x 104 . Circumferential average heat transfer co-
efficients were correlated with Reynolds number for both laminar and 
turbulent flow. 
Rogers and Mayhew (27) experimentally determined heat transfer co-
efficients for turbulent flow in helically co.iled tubes. Three 
/, 
coils with ratios of ·coil to tube diameter of 10.8, 13.3, and 20.1 
were heated .in a steam jacket witq water flowing in the coil. The 
range of Reynolds numbei's covered 'Vas 3 x 103 to 5 x 104. The heat 
transfer coefficients were correlated with Reynolds number. 
Mori and Nakayama (20, 21) conducted theoretical and experimental 
studies of laminar and.turbulent; flow in a curved pipe. Laminar flow 
results showed that the Nusselt number could be correlated as a func-
tion of the Dean number and the Prandtl numb~r. Nusselt numbers cal, 
culated from experimental data using air as a test fluid agreed wit;h 
theoretical predictions. Turbulent flow Nusselt numbers were also 
correlated with the Dean and Prandtl numbers and comparison of theo-
retical and experimental results again showed good agreement. 
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An experimental investigation of heat transfer to aqueous solutions 
of glycerol in laminar flow in helical and spiral coils was performed 
by Kubair and Kuloor (14). The authors obtained experimental measure-
ments over a Reynolds number range of 60 through 6000. Nusselt numbers 
were correlated as a function of the Graetz number and.of the ratio of. 
the tubing inside diameter to the coil diameter. The maximum deviation 
between observed and calculated .values was ±10 percent and the average 
deviation was less than 5 percent. An analogy between momentum and 
heat transfer ,was perfo:rmed using equations modified for coil. geometry. 
The modified equations satisfactorily predicted heat transfer rates 
from rat;es of momentum tra~sfer. 
Miropolskiy, et al (17) carried out an experimental investigation 
of heat transfer and pressure.drop 'in the hea~ing and cooling of water 
flowing in coils of various dimensions. The authors found that the 
heat transfer coefficients increase during heating and decrease during 
6 
cooling as the ratio of the tube diameter to the coil diameter in-
creases. They also fodnd that the length·of the preliminary heat trans-
fer section in a coil, beyond which the heat transfer.~oefficients 
reach stable values, is approximately proportional to the diameter of. 
curvature of the coil and. to the square root of the tube inside 
diameter. 
Drav~d et al. (9) studied the effect of secondary fluid motion on 
laminar flow heat. transfer in helically coiled tubes. The authors ob-
tained a numerical solution of the differential equations for heat 
transport for the laminar flow regime and for Dean numbers above 100. 
Experimental data, obtained with five different te~t fluids, showed, 
that .the Nusselt number could be correlated as a function of the Dean 
and Prandtl numbers. 
Two-Phase Heat Transfer in Curved Channels 
An experimental study by Hendricks and Simon (10) was one of the 
first investigations of ~wo-phase heat transfer in curved channel~. 
The authors collected data and calculated heat transfer coefficients 
for forced convecti'on heat transfer to su,bcritical (two-phase), super-
critical, and gaseous hydrogen flowing through tube bends. The bend 
angle of the tubes ranged from 26 to 75 degrees and the radii of 
curvature from 2 to 7.5 inches. System pressures were varied from 100 
to 600 psia and the .heat flux range investigated was from 5.18 x 105 to 
1.81 x 106 Btu/ (hr) (sq. ft.). The authors concluded that heat tra,ns-
fer coefficients on the concave surf ace (outside of curve as seen by 
fluid) could be as much as three times.grea~er than those on the convex 
surface. The·coef~icients on the convex surface generally agreed with 
straight tube data takeniat,simil,ar conditions. 
Carver et al. (5) investigated the effect; of curvature of a t4be 
on the departure from nucleate boiling (DNB). Experiments were per~ 
formed in helical coils with boil:ing water at 2600 psia. The coils 
were 16 and 65 inches in radius and,had a nominal inside diameter of 
0.42 inch. The heat flux was varied .from 5.0 x 104 to 2.2 x 105 
Btu/(hr) (sq. ft.), The authers cqncluded that (1) DNB in coiled tubes 
occurs at different·steam qualities for different positions around the 
circumference of the tube, whereas, for a straight vertical tube., . DNB 
occurs around the complete circumferen~e of the tube at one steam 
quality; (2) coiled tubes have higher average DNB steam qualities than 
7 
do straight vertical tubes; (3) surface temperature fluctuations at .. the 
DNB transition point are.much lower than those in a straight vertical 
tube; (4) DNB steam quality was higher for the small coil than for the 
large coil; and (5) an increase in mass velocity resulted in an in-
crease in average DNB steam quality. 
Yudovich (32) perfo~ed an experimental study on the boiling of 
water and n-hexane in a helical coil heated in a steam bath. Thi?, hea~-
ed.section was fabricated ,by winding a 1/2-inch OD copper-tu~e into a 
helix seven inches in diameter. At low flows in the range of 3380 to 
11,600 lb/(hr)(sq. ft.) all of the feed was vapori~ed and the tempera-
ture of the superheated vapor leaving the coil increased with flow rate. 
At .higher flqws only. partial vaporization of the feed occurred and the 
coil average heat flux .increased. from 4660 Btu/(hr)(sq. ft.) at 2.28 
x 104 lb/(hr)(sq. ft.) to 6400 Btu/(hr)(sq. ft.) at 4.17 x ,104 
' . 
lb/(hr)(sq. ft.) and then decreased to 4360 Btu/(hr)(sq. ft.) at 
7.52 x 104 lb/(hr)(sq. ft.). 
8 
Owhadi et al. (2, 22, 23, 24) investigated forced convection boil~ 
ing inside helically coiled tubes. Owhadi (22) studied two-phase heat 
transfer at pressures near atmospheric in two helical coils 9.86 and 
20.5 inches in diameter. The tubing inside diameter was 0.492 inch. 
The range of flows investigated was 5.83 x 104 to 2.32 x 105 
lb/(hr)(sq. ft.) and the heat flux range was 1.9 x 104 to 8.1 x 104 
Btu/ (hr (sq. ft.) • The exit quality varied from 1.4 percent vapor . to . 
50 °F. superheated steam. Temperature measurements were made at four 
points around the tube at each of nine stations al_ong the tube. The 
circumferential average heat transfer coefficient was cc;>rrelated as a 
function of the Lockhart-Martinelli parameter. The experimental re-
sults were also reported elsewhere (23, 24) and were later recorrelated 
on a local basis rather than on a circumferen~ial average basis (2). 
Miropolskiy et al. (19) studied heat transfer to single-phase 
water and steam and to two-phase water-steam mixtures in 90° and 360° 
pipe bends. The flow rate was varied from 7.37 x 104 to 1.47 x 106 
lb/ (hr) (sq. ft.) and the pressure range was 305 to 4300 psia. The 
authors found that the critical heat flux .in bends is less than in 
straight pipes at low qualities and is greater than in straight pipes 
at high qualities. 
An experimental study of boiling heat transfer and pressure drop 
of liquid hel~um-I under forced circulation in a helically coiled tube 
was performed by de La Harpe et al. (7). The test section was a helix 
4.33 inche.s in diameter formed from a piece of 0 •. 118 inch ID~ 0.138 
inch OD monel tubing sixteen feet long. Pressures were near 
atmospheric and the maximum flow and heat flux were 94,500 lb/(hr) 
(sq. ft.) and 190 Btu/(hr)(sq. ft.), respectively. The authors suc-
cessfully correlated the heat transfer data with the Martinelli-Nelson 
correlating parameter, Xtt (16). 
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A recent study by Miropolskiy and Pikus (18) reports critical heat 
fluxes and heat transfer coefficients for film boiling of water in 
electrically heated pipe bends .. The range of pressures investigated 
was 1420-3120 psia and the flow was varied from 7.37 x 104 to 1.47 x 
la6 lb/ (hr) (sq. ft.). It was found that the heat transfer coefficients 
for the pipe bends were higher than heat transfer coefficients for 
straight.tubes under similar conditions, apparently due to the effect 
of secondary flow on transfer of liquid droplets to the tube wall. 
Related Studies 
Rippel et al. (26) performed an experimental investigation of 
pressure drop, holdup, and axial mixing for two-phase flow in a helical 
coil. Experimental data were obtained for flow of air-water, helium-
water, Freon 12-water, and air-2-propanol. The helical coil was con~ 
structed by winding 1/2-inch OD 18 gauge tubing around a cylinder 
eight inches in diameter. The length of tubing was 88.3 feet. Liquid 
holdup was measured by trapping and by use of a tracer material, The 
two-phase pressure drop was correlated successfully using the Lockhart-
Martinelli method. The authors found that the experimental liquid 
holdups were less than holdups for a straight horizontal pipe, a fact 
that may be caused by the secondary flow pattern of a helical coil. 
A study by Banerjee et al. (1) reported experimental determination 
of the effects of tube diameter, coil diameter, coil pitch, and liquid 
10 
viscosity on pressure drop and liquid holdup for two-phase flow in 
helically coiled tubes. Ten different coils were used. Nine of these 
were made of 5/8-inch ID tubing and one of two-inch ID tubing. Coil 
diameters of six, nine, and twelve inches and coil pitches of two, 
five, and eight degrees were investigated. The effect of liquid vis-
cosity was studied using air-water and air-oil mixtures, The authors 
found that the pressure drop and holdup data were suitably correlated 
by the Lockhart-Martinelli method. They found no effect of coil pitch 
on pressure drop and holdup for the range of pitches investigated. 
High-speed movies of the flow patterns in the coils showed that, for 
certain combinations of gas and liquid flow rate, the liquid formed a 
film on the tube wall closest to the coil axis. They termed this be-
havior "film inversion." 
CHAPTER III 
EXPERIMENTAL APPARATUS 
The apparatus used in these experiments consisted of a feed stream 
preparat:i,on and metering system, the test section in which heat was. 
generat~d and transferred to the test fluid, a power generation system, 
and instrumentation. The system is diagrammed schematically in Figure 
2. 
The Coils 
Experiments were performed using two different helical coils, both 
of which were made from Type 304 stainless steel seamless tubing. The 
tubing before coiling was 5/8-inch OD with a wall thickness of 0.065 
inch. The helix diameters of the small co.il and the large coil were 
9.99 and 20.64 inches respectively. The heated length of tubing in 
both coils was 10 feet and the axis of the helix was vertical in both 
cases. Some flattening of the tubing occurred during formation of the 
coils. The major and minor diameters of the tubing after bending as 
well as the other dimensions are shown in Table I. 
Heat was generated in the coils with a DC current obtained fro~ a 
Lincolnweld SA-750 electric welder. The current was introduced into 
the coils through electrodes made of copper bars silver-soldered to the 
tubing. Electric~! insulation of the coils from the rest of the system 
was provided by a short length of silicone rubber tubing at each end.of 
1 1 
Laboratory 
Steam 
Steam 
Trap 
Condensate 
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otameter 
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=Flow 
Measure-
··= ment 
Cooler 
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Figure 2. Schematic Dia~ram of Experimental Apparatus ...... N 
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the coil. The coils were thermally insulated by wrapping them with 
several layers of bonded fiberglass insulation. 
TABLE I 
COIL.DIMENSIONS 
Dimension 
Coil diameter, inches center-to-center 
Straight tube outside diameter, inch 
Straight tube inside diameter, inch 
Coiled tube major outside diameter, inch 
Coiled tube minor outside diameter, inch 
Distance between turns, inches center-
to-center 
Ratio of coil diameter to straight tube 
inside diameter 
Heated length of coil, feet 
Length of straight tube before inlet 
electrode, inches 
Length of straight tube after exit 
e electrode, inches 
Approximate number of turns in coil 
Small 
Coil 
9.99 
0.625 
0.495 
o. 636 
0.616 
4.26 
20.2 
10.0 
12.0 
3.0 
3.8 
Large 
Coil 
20.64 
0.625 
0.495 
0.630 
0.625 
4.48 
41. 7 
10.0 
11. 0 
4.0 
1. 8 
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Temperature Measurement Devices 
Iron~constantan thermocouples were used to measure the .outside 
wall te~perature of the tubing. Th~ thermocouple wires were 30 B and S 
gauge and fiberglass-insulated. The thermocouples were fastened to the 
tubing with Sauereisen cement by first;applying a very thin spot of ce-
ment to the tubing and then cementing the thermocouple bead upon this 
spot. The thermocouples were then clamped into place with worm clamps 
to insure good contact with the tube surface in case of loosening of 
the cement .during heating. The thermocouple wires were led along the 
tube surface for a distance of about two inches to minimize heat con-
duction through the wire away from the thermocouple junction. 
There were ten thermocouple stations along the length of the coil. 
The first thermocouple station was one foot from the inlet .electrode 
and the next eight stations were at intervals of one foot. The tenth 
station was three inches from the exit electrode and thus nine inches 
from the ninth thermocouple station. There were four thermocouples at 
stations 1, 3 through 8, and 10 and eight thermocouples at stations 2 
and 9o Placements of the thermocouples on the surfaces of the coils 
are summarized in Table II. 
The circumferential arrangement of the thermocouples at each sta-
tion are shown in Figures 3 and 4. At the stations where four thermo-
couples were used the junctions were placed 90 degrees apart, at the 
top, bottom and both sides of the tube. In the case where eight thermo-
couples were used the junctions were 45 degrees apart. The numbering 
system of the thermocouples was as follows: Stations along the coil 
were numbered from on~ through ten starting from the coil inlet. Each 
15 
thermocouple was numbered individually, thermocouple number one always 
being at the top of the tube. Where four thermocouples were used, num-
ber two was located on the inside of the hel:ix, three at the ·bottom, 
and.four.on the outside of the helix. Where eight thermocouples were 
used; the thermocouples were numbered in the same direction, number 
three being at the inside of the helix, five at the bottom, and seven 
at the outside. Thermocouple number 25, for example, would be.located 
two feet from the inlet electrode and at the bottom of the tube. 
Thermocouple number 102 would be 9-3/4 feet from the inlet electrode 
and.at the inside of the helix. 
TABLE II 
PLACEMENT OF THERMOCOUPLES* 
Station 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
No. of Thermocouples 
4 
8 
4 
4 
4 
4 
4 
4 
8 
4 
Distance from Inlet 
Electrode, ft, 
1 
2 
3 
4 
5 
6 
7 
8 
9 
9.75 
*Thermocouple placements were identical on small and large 
coils, 
l ( 0°) 
(270°) 4 
3 ( 180°) 
2 ( 90°) 
Axis of 
helix 
Figure 3. Circumferential Location of Thermocouples at Longi-
tudinal Stations 1, 3, 4, 5, 6, 7, 8, 10 
1 ( 0°) 
(270°) 7 
5 ( 180°) 
3 ( 90°) 
( 135 °) 
Axis of 
helix 
Figure 4. Circumferential Location of Thermocouples at Longi-
tudinal Stations 2 and 9 
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The outputs of the thermocouples were brought through rotary selec-
tor switches to a Leeds and Northrup Model 8687 volt potentiomete.r. 
The selector switches were enclosed in a box to insure a uniform tem-
perature at the switches. By .use of an auxiliary wiring system, each 
thermocouple output could be recorded on a Brush Mark 10 single point 
recorder. Other temperatures in the system, such as those of the test 
flu~d at the coil in+et and outlet, were also read using the same 
arrangement;. An ice bath was used for the reference junction in the 
above cases. 
The pressures at the inlet ;and outlet of the coil were measured by 
Bourdon gauges with ranges of 0-30 and 0-10 psig respectively. A stra:in 
gauge pressure transducer, Consolidated Electrodynamics Corporation 
Model 4-316-001, was mounted at the pressure tap at the coil inlet and 
was used to detect pressure fiuctuations. The output from this trans-
ducer ,was periodically recorded on the single point recorder mentioned 
above. The transducer had a range of 0-50 psig and an output.of 0-20 
millivolts. 
The current in the coil was measured with a Weston Model 931.a~eter 
having a range of 0-750 amps DC which was placed in parallel with a 50 
millivolt shunt. The coil voltage was measured with a Weston Model 
931 voltmeter having a range of 0-50 volts DC. 
Auxiliary Equipment 
Steam was fed into the system from a laboratory supply line. 
Water was removed from the incoming steam by use of a separator which 
+eversed the steam flow and then filtered the steam.through a bed of 
copper turnings. To insure the complete removal of water, the steam 
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was passed through a length of copper tubing heated with electrical 
resistance tape. The use of this heater allowed the steam to be super~ 
heated by about 20 °F. The steam flow was passed through a Brooks Model 
1110 rotameter which had a maximum capacity of 25. 76 SCFM air. This 
rotameter had a maximum capacity of about 35.0 CFM steam under operat-
ing conditions. The rotameter was used only to indicate and control 
fluctuations in the incoming steam flow. The temperature and pressure 
of the steam were measured by a thermocouple and Bourdon gage respec-
tively just upstream of the point at which the steam and water flows 
were mixed. 
Distilled water was fed to the system from a constant-temperature 
bath. Water was circulated through the bath with an Eastern VW-5-A 
sliding vane pump and the water fed to the system was bled from the 
circulatory line at a point down·stream from the pump. The water flow 
rate was metered with one of two Fischer and Porter Flowrators, de-
pending upon the magnitude of the flow rate. The temperature of the 
water was measured with a thermocouple upstream of the point at which 
the steam and water flows were mixed. 
After passing through the coil, the steam and water mixture was 
separated in a glass cyclone separator which was six inches in diameter 
at the top. The cyclone was shielded with Lucite to allow visual ob-
servation of the separation. The water from the cyclone was cooled in 
a copper condenser and then flowed to a common collection point. The 
steam from the cyclone was condensed in a shell and tube exchanger anq 
flowed to the collection point where the total flow was measured by 
collect.ion of volumetric samples. When a sample was not being 
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collected, part of the total flow was recirculated to the constant tem-
perature water supply in order to maintain the water level. 
CHAPTER IV 
EXPERIMENTAL PROCEDURE 
Calibration of Thermocouples 
The t~ermocouples in the system were calibrated after they were in 
place on the coil. Steam was bled through the coil slowly to maintain 
atmospheric preesure thrqughout and the thermocouple outputs were 
measured. A ste~m bath at atmospheric pressure was used as the .refer-
ence junction in this calibration. Iµ this way the thermoco~ple output 
errors could be read directly. The atmospheric pressure and room tem-
perature were also measured. 
To allow the temperature corrections to be adjusted for _higher 
coil temperatures, it was assumed that the error in the thermocouple 
output was due to conductio~ through the thermocouple wires .to the am-
bient air. This conduction in tur~ ~s proportional to the .difference 
between the.coil t7mperature and the ambient room temperat4re. Using 
the .calibrat~on data tqe actual temperature of the thermocouple could 
be determined. T9e thermoc0uple calibration data are shown.in Appentkt,x· 
G. 
Calibration of Coil Heat Loss 
In order to determine the heat loss through the coil insulation 
during an experimental.run a calibration of the heat loss at a known 
coil.temperat~re had to be performed. Steam was bled slowly th;ough 
20 
the .coil and the atmospheric pressure and room temperature were 
measured, The steam flow rate was also measure<;l by collecting the. 
effluent from the cqil. 
.21 
From the calibration data the heat loss rate from the coil.at a 
known temperature differential could be obtained. To calculate the 
heat loss. during an experimental run, the average temperature of each 
one foot section of the coil was calculated .from the corrected thermo-
couple outputs. The heat loss for each of these sections was then cal-
culated by assuming that this loss is dire~tly proportional to the 
temperature difference between the coil surface and the ambient.room. 
temperatµre. The total heat loss was obtained by summing the heat 
losses from e~ch one foot section. The heat loss calibration data is 
summarized in Appendix G. 
Rotameter Calibration 
Several attempts were made to obtain a calibration of the rota-
meter installe<;l on the steam delivery line. However, due to changes in 
pres.sure in the rotameter that. resulted from the various flow conditions 
in the coil, no. suitable calibration was obtained. Eventually the 
steam rotameter was used only to indicate fluct.uations in the steam 
flqw rate anq to provide a visual check of steam conditions, i.e., 
presence of water in the steam. 
Two different water rotc:).meters were u~ed depending on.the water 
flow rate required. The larger rotameter had a maximum flow rate of 
3.69 pounds ~f water per minute. The smaller rotameter had a maximum 
flow rate of Q.596 pounds of water per minute. The rotameters were 
calibrated by collecting a known volume of water over a period of time 
.. 
and measuring the temperature of the water. Since the temperature of 
the water entering the rotameters was the same for all runs, no tem-
perature correction of the calibration was necessary. 
Execution of Single-Phase Runs 
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Thre.e non-boiling runs with water flowing in the coil were made 
with the small coil. Two of these runs were under laminar flow condi-
tions at 3.43 x 104 ·and 6.33 x 104 lb/(hr) (sq. ft.) with Reynolds num-
bers of approximately 1000 and 2000 respectively. A third run was 
under turbulent flow conditions with a Reynolds number. of approximately 
104. 
The water flow rate desired through the coil .was begun. and the · 
heat flux rate was then raised to the desired level. The DC generator 
required a period of about thirty minutes of running time in order to 
warm up and maintain a steady output. As soon as the generator 9utput. 
had become steady, the thermocouple emf's were measured on.the poten~i­
ometer. A period of about ten minutes was required to read all of the 
thermocouple outputs. Several of the emf's were checked at the .end of 
the measuring period to insure steady conditions. The coil current and, 
potential difference and the room temperature and atmospheric pressure 
were measured .at the beginning and at the end of each run. As soon as 
the temperature measurements were .. complete a volume of the coil ef-
fluent was collected in order to determine the flow rate in the.coil. 
Execution of Two-Phase Runs 
Experimental runs were performed with the large coil and the .small 
coil in which the test fluid was a mixture of water and steam. Runs 
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were made encompassing a r_ange of flow rat~s, heat flux rates, and. exit 
steam qualities. Several runs were performed in which the steam exit-
ing from the ~oi+ was superheated. 
In order to. execute a two-phase run, th~ steam flow th~ough the, 
coil.was first.begun and.the steam preheater was a9justed,to ineu~e 
that.no water was present in the steam. The desired water flow rate 
was then added to the .steam flow and-the generator.was turned on •. 
After allowing about thirty .minutes for the generator to stabilize, the 
thermocouple emf's were measured on.the potentiometer. The coil.cur-
rent and the potential difference and.the room tempe+ature and atmo-
spheric pressure were measured at the beginning and end of each run. 
After completing the temperature measurements, volume samples of. 
the water and condensed steam streams from the cyclone were taken to 
deter~ine the tqtal flow rate. The steam rate entering the system was 
obtained as the difference in the total flow rate and the ente~ing 
water rate, which was knqwn from the rotameter calibration. 
CHAPTER V 
EXPERIMENTAL RESULTS 
The experiments which were performed deal primarily with heat 
transfer to.high-quality two-phase mixtures of steam and water. How-
ever, several single-phase heat transfer runs were e~ecuted and pres-
sure drop measurements were taken for all two-phase runs. Stability of 
the system was also investigated. Results o~ all of the,se studies are 
presented in.· this chapter. 
Single-Phase Heat Transfer 
Three single-phase heat traµ~fer runs were made with the small 
coi.1. The first two runs were made with water in laminar flow and the · 
third r~n with water in turbulent flow. The Reynolds number for tran-
sition from laminar to turbulent flow in a helical coil may be calcu-. 
lated from the following formula developed by Ito (11): 
(Re)cr = (5-1) 
The critical Reynolds number for the small coil is 7650, Reynolds 
numb.ers for runs 101 and, 102 were 1140 and 2100 respective,ly, both well. 
inside the lam~nar.regime. The Reynolds number for run 103 was 10,800, 
well into tqe turbuleµt regime. Heat transfer coefficients for run~ 
101 and 102 are shown in, Figures 5 and 6. The velocity in. rui;i 101 was 
0.155 .f5/sec. Natural convection effe~ts are evident. The heat 
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Figure 5. Single-Phase Heat TrC!-nsfer, Small Coil, Run 101 
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transfer coefficients at the _top of the tube are markedly lower than 
•. 
those at other positions. An entrance effect may be responsible for 
the relatively high values of.the heat transfer coefficients ill the 
outer tube wall neal;' the .coil inlet. Wall temperatur~s are not,high 
enough for subcooled nucleate boiling to occur .anywhere in the coil. 
The vel0city in run 102 was 0.286 _ft/sec. Valu~s of the heat 
transfer coefficients are· generally _hi,gher than in run 101 due to the 
.higher velocity. Natul;'al convection, is again important and.its effects 
are notable. 
The average heat tl;'ansfer coefficients for runs 101 and 102 were 
cqmpared with heat transfer coefficients calculated from the .laminar 
flow equation of Seban and McLaughlin (29): 
.Nu = 0.13(~)Prl/3Re2/3 
8 
(5-2) 
The friction factor _in equatio~ 5-2 is calculated from White's formula 
(31): 
where 
f 
f 
s 
= { 1 
f = 64/Re 
s 
The average heat tr~nsfer coefficients were calculated as the coil 
(5-3) 
(5-4) 
average heat.flux .divided by the average temperature difference between 
watl and fluid. Measured.and calculated values are summartzed in Table 
III. The agreement between values is not good. Howevert equatio~ 5-2 
was. developed for .Pranqtl n4Jllbers in. the range ~00-657 and would not be 
expected to predict accurat~ heat transfer coefficient~ for water. 
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Heat tran~fer coefficients for run 103 are shown i~ Figure 7. As 
would be expected, the coefficients are markedly higher than those in 
the laminar flow runs. Heat tra~sfer coefficients at the 90° position 
are approximately half the coefficients.at the other positions on the. 
tube. The average heat transfer coefficient for the.coil was compat;ed 
to a heat tr~nsfer coefficient calculated from the Seban-McLaughlin 
equation (29): 
(5-:5) 
The agreement was excellen~, the measured value of the heat transfer 
cqefficient being 759 Btu/(hr) (sq. f~.) (°F) and the .calculate:d val.ue 
b~ing 739 Btu/(hr)(sq. ft.)(°F). 
TABLE III 
:MEASURED AND CALCULATED HEAT TRANSFER COEFFICIENTS 
Reynolds Heat Transfer Coefficient Run Numper Measured Calcul'.ated 
101 1140 185 245 
102 2100 234 375 
. 
O' 
Ill 
6 
4 
8 
6 
4 
2 
0 
Run 103 - ·Turbulent 
Mass velocity 
Reynolds number 
Average heat flux 
000- ...,__-Q-'_ 
- --o- - ..,__,....-
4 
Flow 
488,ooo lb/(hr)(sq. ft.) 
10,800 
19,500 Btu/(hr)(sq. ft.) 
.... 
_-0--0 
.-o---0-
-n---..0-
6 8 10 
Axial position, ft. 
Figure 7. Single-Phase Heat Transfer, Small Coil, Run 103 
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Two-Phase Heat Transfer 
Twenty-two two-phase heat tr~nsfer runs were performed. Seventeen 
of these were p_erformed with the small coil and the remaining five with 
the large coil. One of the primary aims of this study was to obtain 
experimental coil heat transfer coefficients in the.high quality regime. 
Inlet qualities were varied from 43.7% to 86.4%. Exit qualities varied 
from 83.5% to 100% (120 °F. superheated). The range of mass velocities 
investigated was dictated by equipment limitations. The mass velocity 
was varied from 33,300 to 91,600 lb/(hr)(sq. ft.), The coil average 
heat flux was varied from 1900 to 30,500 ~~u/(hr)(sq. ft.). A summary 
of experimental conditions for all two-phase runs is shown in Table IV. 
Local heat transfer coefficients for the _small coil are shown in 
Figures 8 through 24. Results for tbe large coil are shown in Figures 
25 through 29. The abscissa in all of the plots is coil axial position, 
measured from the coil inlet. The heat transfer coefficients were 
calculated from the following equation: 
h Q/A (5-6) 
The heat flux, Q/A, and the wall temperature, Tw, were calculated via 
the numericC).l solution described in Appendix A. The fluid temperature, 
Tf, was calculated assuming thermodynamic equilibrium and a linear pres-
sure profile. The assumption of thermodynamic equilibriu~ is supported 
by effluent temperature measurements and by the fact that for run~ in 
which the effluent stream was calculated to be slightly superheated, no 
moisture was observed in the effluent stream. The assumption of a 
linear pressure profile is ju~tified by the fact that, for the range of 
TABLE IV 
EXPERIMENTAL CONDITIONS FOR TWO-PHASE RUNS 
Mass Velocity Av. Heat Flux 
Run 
lb/(hr) (sq.ft.) Btu/ (hr)(sq. ft.) 
104 70,000 
105 70,900 
106 70,900 
107 71, 300 
108 73,500 
109 79,200 
1101 84,000 
111 84,500 
113 1 80,500 
1141 41., 700 
116 73,700 
1171,2 76,200 
1181 67,800 
119 1 43,000 
120 1 33,300 
121 72, 700 
122 1 80,700 
201 1, 3 67,200 
202 1,4 91,600 
203 1,s 80,700 
205 l,5 78,900 
206 1,'I 42,200 
lMild oscillations. 
2Replicate o.f 110. 
3Replicate of 105. 
4~Replicate of 113. 
5Rep:J.icate of 121. 
6Replicate of 117. 
7Replicate of 119. 
.11, 100 
13,000 
6,000 
4,200 
2,700 
14,400 
27,000 
26,800 
31,800 
8,500 
14,400 
27,000 
33,000 
15,500 
15,000 
6,100 
8,600 
12,900 
31,700 
6,100 
28,000 
15,500 
Quality Pressure, psia 
Inlet Outlet Inlet Outlet 
69.7 86.5 27.8 20.0. 
69.7 .89.4 28.5 20.4 
80.5 90.0 26.1 18.0 
80.8 87.6 29.1 . 20. 5 
81.4 ' 86 .1 28.8 20.5 
65.7 85.l 30.4 21.0 
67.6 100.0 34.1 23.3 
49.5 85.5 36.5 23.4 
46.8 83.5 38.6 24.8 
q7.6 88. 3 . 19.8 16.6 
63.3 84.2 29.2 19.4 
64.1 100.0 33.9 23.2 
59.3 100.0 36.1 24.4 
68.2 100.0 21. 7 17.3 
43.7 87.9 17.6 15.7 
84.7 94.1 33.1 22 .. 8 
86.4 98.1 33~9 23.6 
68.3 88.5 23. 5 17.8 
53.5 89.6 32.l 22.4 
86.2 94.6 28.7 21. l 
65.6 100.0 31.0 23.1 
68.5 100.0 21.0,, 17.5 
"1 
.) .L 
Temp., °F 
Inlet Outlet 
246 228 
248 229 
243 222 
248 229 
248 229 
251 230 
258 238 
262 236 
265 240 
228 213 
249 226 
257 237 
261 359 
232 222 
221 215 
256 235 
257 237 
237 222 
.254 234 
248 231 
252 238 
231 224 
32 
0 2 4 6 8 10 
Axial position, ft. 
Figure 8. Two-Phase Heat Transfer, Small Coil, Run 104 
8 
6 
. 4 
i:x.. 
0 
"' 
..µ 
c 
Q) 
•rl 
CJ 
•rl 
Ci--< 
Ci--< io3 Q) 
0 
CJ 
s... 
Q) 
~ 
{/) 
s:; 
ro 
s.... 
..µ 
8 
6 
270° 
0 
oo 
Run 105 
Mass velocity 
Inlet steam quaa ty 
Outlet stea'Tl quality 
Average heat flux 
0 2 4 
70,900 lb/(hr)(sq. ft.) 
69. 7°/;. 
97.4% . 
12,200 Btu/{hr){sq. ft.) 
6 8 
Axial position, ft. 
Figure 9. Two-Phase Heat Transfer, Small Coil, Run 105 
33 
10 
. 
Ii. 
0 
......... 
. 
O' 
(/) 
"' +:> 
c 
., 
8 
6 
4 
or! 
CJ 
·r-1 t 103 
Q) 
0 
CJ 
s.. 
Q) 
G-t 
(/) 
c 
cd 
s.. 
+:> 
8 
6 
4 
Run 106 
Mass velocity 
Inlet steam quality 
Outlet steam quality 
verage heat flux 
0 2 4 
70,900 lb/(hr)(sq. 
80.5% 
90.0% 
5,200 Btu/(hr){sq. ft.) 
0 8 
Axial position, ft. 
Figure 10. Two-Phase Heat Tra~sfer, Small Coil, Run 106 
34 
lC 
. 
ii.. 
0 
. 
.µ 
Ci-; 
. 
O' 
C/J 
$.. 
.c 
..__, 
' ' ... 
..-' 
.µ 
i:o 
.µ 
s:: 
Q) 
•ri 
c; 
•ri 
4-< 
4-< 
Q) 
0 
() 
s... 
Q) 
Ci-; 
er. 
s::; 
al 
$.. 
.µ 
+-
al 
Q) 
::r: 
4 
2 
103 
8 
-
6 
4 
Run 107 
Mass ·reloci ty 
Inlet steam quality 
Outlet steam quality 
Avera~e heat ~lux 
2 4 
11,300 lb/(hr)(sq. ft.) 
80.8% 
87.6% 
3,320 Btu/(hr)(sq. ft.) 
90° 
'\'. oo 
·'o18 
27 
6 8 10 
Axial position, ft. 
Figure 11. Two-Phase Heat Transfer, Small Coil, Run 107 
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Figure ·14. Two-Phase Heat Transrer, Small Coil, Run 110 
38 
10 
. 
iz_. 
0 
. 
.µ 
Ct-I 
. 
O' 
!J) 
r-. 
.c 
.......... 
~ 
.µ 
o:1 
.. 
.µ 
I:: 
C) 
oM 
() 
•rl 
Ct-I 
Ct-I 
Cl> 
0 
() 
r-. 
QJ 
Ct--< 
l'l 
~ 
Cl'! 
r-. 
.µ 
.µ 
Cl'! 
Cl> 
::r:: 
7ooo --~R-u-n-=-11~1~~-------------------------------------. 
6000 
5000 
4000 
~000 
2000 
Mas s velocity i 
Inlet steam quatity 
Outlet steam qu~lity 
Average heat f~x 
27\ 
\ 
oo . \ 
0 2 
84,500 lb/(hr)(sq. ft.) 
49.5% 
83.5% 
25,800 Btu/(hr)(sq. ft.) 
0 
Axial position, ft. 
Figure 15. Two-Phase Heat Transf~r, Small Coil, Run 111 
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Figure 16. Two-Phase Heat Transfer, Small Coil, Run 113 
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Figure 24. Two-Phase Heat Transfer, Small Coil, Run 122 
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Figure 27. Two-Phase Heat Transfer, Large Coil, Run 203 
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qualities investigated in this study, void fractions are well in excess 
of 90% and the change in void fraction along the .coil·is small. 
The first .series of.runs with the small.coil, 104 through 108, was 
perforni.ed by holding the mass velocity approximately constant.and vary-
ing the inle.t quality and heat flux. Results were similar. The local 
heat tr~nsfer coefficients at all positions decrease as the steam quali-
ty increa$es. For the range of qualities encountered in these runs, 
70% to 90%, heat transfer coefficients do not vary appreciably in the 
circ~mferential d~rection at a given axial position. 
The next series of runs, 109 through 113, was performed:by holding 
the .mass velocity approximately constant at a slightly higher value 
than in the first series and varying the inlet quality and the heat 
flux. Run 109 produced results similar to those in the first series. 
In r~n 110, however, the quality in the coil exceeded 90%, and.the heat 
transfer coefficients show a.marked decrease. The local heat transfer 
coefficients at the .o0 and 180° positions decrease first, at an axial 
position between six and sev~n feet from t~e coil inlet. The calcul,atec;l 
equilibrium qual:i,.ty at this point is .between 88 and .. 91%. At the same 
axial position the coefficients at the 90° and 270° positions increase 
slightly. Between seven and,eight feet frqm the coil inlet the local 
heat transfer coefficient at the 270° position also decreases. The 
quality at this point is between 91 and 95%. The heat transfer coeffi-
cient ·at.the 90° position continl,les to increase all the way to the last 
axial position, at which point the .steam is calculated to be slightly 
superheated., Coefficients at the other positions cont:i,.nue to decrease· 
all the .way to the .end of the coil. Several observations can be made 
from the behavior exhibited in this run. Tl)e first is the fact that, 
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the secondary circulation pattern provides excellent distribution of 
the liquid present in the two-phase flow. Good cooling is maintained 
up to a quality in the neighborhood of 90%. Beyond a quality of 90%, 
liquid is present at the 90° and 180° positions and finally, only at 
the 90° position •. The presence of liquid at the 90° position was de-
tec~ed up to a calc1,1lated quality of 100%. The mechanism by which 
liquid is distributed by the secondary flow is discussed in detail in 
Appendix B. 
Run 111 had an inlet quality ·of 49.5%. The heat transfer coeffi-
cients are higher than those in previously described runs but decreases 
in the same manner as quality increases. Conditions in run 113 were 
similar. However, the heat flux was slightly higher, and as the steam 
quality approaches 90%, the coefficients at the o0 and 180° positions 
. ' 
decrease as was.seen in run 110. 
Run 114 was one in which the mass velocity was fairly low. The 
behavior of the local heat transfer coefficients is somewhat erratic, 
probably because the velocity was low enough that a strong secondary 
circulation pattern was not established. Near the .coil inlet, the heat 
transfer co~fficients at the 90° and 180° positions are markedly higher 
than those at the o0 and 270° positions. The local heat transfer.coef~ 
ficients decrease as quality increases at all positions except the 90° 
position. Coefficients at these points remain essentially constant 
along the length of the coil. 
Results of run 116 are similar in all respects to those of runs 
104 through 108. In runs 117 and 118 the coil effluent was superheated 
steam. The effluent in run 117 was calculated .to be 1.4 °F. superheat-
ed. The local heat transfer coefficients at the o0 and 180° positions 
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begin to decrease at a point between five and six feet from the coil 
inlet where the steam quality was between 83 and 86%. Between six and 
seven feet from the.coil inlet the quality was between 86 and 90% and 
the coefficients at the o0 and 180° positions decrease markedly. The 
heat trqnsfer coefficient at the 270° position decreases at a point be-
tween seven and eight feet from the coil inlet where the quality is be-
tween 90 and 94%. The local heat transfer coefficients at .the 909 
position remain high all the way to the end of the coil. The effluent 
in run 118 is calculated to be 120 °F. superheated. The coefficients 
at the o0 and 180° positions decrease at a quality between 83 and.87% 
and the coefficient at the 270° position decreases at a quality between 
87 and 92%. Notable in this run is a decrease in the heat transfer co-
efficient at the 90° position in the last one foot section of the coil 
with an accompanying outside wall temperature of almost 760 °F. 
Runs 119 and 120 are similar to run 114 in that the mass flow rate 
was fairly low and the behavior of local heat transfer coefficients is 
erratic. The effluent in runs 121 and 122 was saturated in both cases. 
However, the inlet quality was high and sufficiently high qualities 
were reached to cause the decrease in local heat transfer coefficient 
noted in other runs. 
As noted in Table IV, the runs with the large coil were replicates 
of small coil runs. No notable differences between small and large coil 
results were found. The difference in coil diameters was probably not 
great enough to produce a noticeable effect. 
The most striking result of the two-phase runs is the decrease in 
local heat transfer coefficients at the o0 and 180° positions and at the 
270° position while the coefficient at the 90° position remains high. 
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The local conditions corresponding to this behavior are summarized in 
Table V. 
TABLE V 
LOCAL CONDITIONS FOR SECONDARY FLOW EFFECT 
Mass Velocity Av. Heat Flux Local Quality Run lb/(hr)(sq. ft.) Btu/(hr)(sq. ft.) Decrease in I Decrease 0° and 180° in 270° 
110 84,000 26,100 84-88 91-95 
113 80,500 30,500 84-87 
117 76,200 26,100 83-86 .90-94 
118 67,800 30,200 83-87 87-92 
121 72' 700 5,200 90-91 
122 80,700 7 ,580 90-91 93-95 
201 67,700 12, 100 82-84 
202 91,600 30,300 86-89 
203 80,700 5,200 90-91 93-94 
205 78,800 26,100 83-87 87-90 
Two-Phase Pressure Drop 
Static pressures were measured at the coil inlet and.outlet during 
all t~o-phase runs. From these readings the total coil pressure drop 
was obtained. The pressure drop measurements are summarized in Tabl~VI. 
Run 
104 
105 
106 
107 
108 
109 
110 
111 
113 
114 
116 
. 117 
118 
119 
120 
131 
122 
201 
202 
203 
205 
206 
TABLE VI 
TWO-PHASE PRESSURE DROP 
Pressure Drop, 
Total Acceleration 
7.8 0.26 
8.1 0.28 
8.1 0.27 
8.6 0.21 
8.3 o. 21 . 
9.4 0.34 
10.8 0.50 
13.1 0.47 
13.8 0.45 
3.2 0.095 
9.8 0.34 
10.7 0.43 
11. 7 0.45 
4.4 0.17 
1.9 0.099 
10. 3 0.24 
10.3 0.30 
5.7 0.26 
9.7 0.57 
7.6 0.27 
7.9 0.43 
3.5 0.16 
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psi 
Friction 
7.5 
7.8 
7.8 
8.4 
8.1 
9.1 
10.3 
12.6 
13.3 
3.1 
9.5 
10. 3 
11.3 
4.2 
1.8 
10.l 
10.0 
5.4 
9.1 
7.3 
7.5 
3 .. 3 
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Frictional pressure drops were calculated by assuming that the 
static pressure drop was negligible and by calculating the acceler-
ational pressure drop from the following equation: 
!J.Pacc = G
2 1 1 
-(---) 
28c Pout Pin 
(5-7) 
The frictional pressure drop is then calculated as: 
= !J.P t - !J.P ace (5-8) 
Stability 
The first few two-phase heat transfer runs were carried out at. 
fairly low heat flux conditions. In the first run at moderately_high 
heat flux conditions, run 110, oscillations in some of the outside wall 
temperatures were noted. The oscillations in run 110 were not periodic, 
but random in nature. Later runs at other flow and heat flux condi-
tions produced oscillations which were periodic. Examples of the two 
. types of oscillations are shown in Figure 30. For identical flo.w con-
ditions a heat flux of 9,770 Btu/(hr)(sq. ft.) produced the periodic 
oscillat~ons shown in Figure 30a while a heat flux of 8,670 Btu/(hr) 
(sq. ft.) produced the random oscillations shown in Figure 30b. Runs 
in which oscillations were observed are indicat~d by a superscript 1 
in Table IV. It was noted in general that as the heat flux was in-
creased at a given flow rate random oscillations appeared .at the sta-
tions nea+ the coil exit. As the heat flux was further increased the 
random oscillations moved toward the coil inlet. At higher heat fluxes 
the oscillations near the coil exit became periodic in natur~ and at 
even higher heat.fluxes the periodic oscillations moved toward.the coil 
"rj 
..... 
QQ 
c: 
'1 
ro 
w 
0 
. . 
0 
:n 
n 
..... 
I-' 
I-' 
\1) 
rt 
..... g 
{ll 
,~-i 
1 . ! 
r----· 
t J ! 
Min. 
l 
-----1--
;_ .. ,-- .-
~1~~---11---+---l~- -~~t-~----t-~~J-..:__~+-~.l-J tj ~· I l 
II 
.., ~ I I 
s: 
:i Mass velocity 
-----+---1-- A:T.. heat flux 
-1,700 lb/(hr (sq. 
9,7~0 3tu/(hr'(sq. 
5 rt. from inlet 
~~ 
ft. 
ft. l 
t 
~ 
-6 
fl) 
"S 
Ill 
ct' 
s: 
~ 
Axial position 
Cir. position 
- Time 
Fi~ure 30a. Periodic Oscillations 
Mass velocity 
Av. heat flux 
Axial positior. 
Cir. positior. 
41~700 lb/(hr)(sq. 
8, (' 'O 3tu/(hr~ (sq. 
<; ft.. frorr. inlet 
2700 
ft.) 
ft.' 
1 min. 
- Time 
_J_~-~- .-1.~~~~-'-~~~--' 
Figure 30b. Random Oscillations 
8 mv 
7 mv 
9 llV 
8 mv 
7 mv 
6 llV 
Cl' 
0 
61 
inlet while the oscillations near the coil exit disappeared. In most 
cases the periodic decreases in temperature were accompanied by in-
phase increases in the liquid content of the two-phase mixture leaving 
the coil. The physical evidence noted during oscillating behaviQr is 
typical of the density wave oscillations accompanied by temperature 
oscillations described by Bergles et al. (4). Slow-moving density 
waves pass through the system in which the liquid content of the two-
phase mixture increases. The change in liquid content causes changes 
in the flow rate and pressure drop and also changes in wall temperatures 
due to changing heat transfer conditions. 
Local conditions corresponding to the axial point of onset of os-
cillations are summarized in Table VII. It can be noted from the table 
that an .increase in mass velocity stabilizes the system, as woulc;l be 
expected. The traces shown in Figure 30 indicate that an increase in 
heat flux makes the system more unstable, also as would be expected. 
Two special runs were made to investigate stability of the coils. 
One run was made with each of the coils. Results are shown in Figure 
31, Conditions of mass velocity and heat flux were identical for each 
coil. The large coil.was more stable than the small coil, exhibiting 
only small oscillations. The small coil exhibited the periodic oscilla-
tions described earlier. Thermocouples at a11 four cir.cumferential 
locations at a point five feet from the coil inlet were recorded 
simultaneously. The temperature at the 270° position on the small coil 
fluctuated from about 350 °F. to 235 °F. This fluctuation probably re-
flects the alternate presence of vapor and liquid at this position. 
Similar, but less severe, fluctuations are noted at the o0 and 180° 
positions. 
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TABLE VII 
LOCAL CONDITIONS FOR OSCILLATORY BEHAVIOR 
Axial Position r Quality 
Run Mass.Velocity Average Heat Flux 
lb I (hr) (sq . ft. ) Btu/(hr)(sq.ft~) Appear jnisappear AppearjDisappear 
110 84,000 27,000 6 9. 75 . 87.7% 100.0% 
113 80,500 31,800 10 87.4% 
114 41,700 8,500 1 69. 7% 
117 76,200 27,000 6 9 86.2% 97.6% 
118 67,800 33,000 5 9 82.6% 100 .0% 
119 43,000 15,500 1 9 71.6% 100.0% 
120 33,300 15,000 2 52.2% 
122 80,700 8,600 6 9 93.3% 96.8% 
201 67,200 12,900 9 86. 4% 
202 91,600 31,700 9 85. 9% . 
203 80,700 6, 100 9 93.7% 
205 78,900 28,000 5 83.2% 
206 42~200 15,500 1 72.0% 
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CHAPTER VI 
CORRELATION AND DISCUSSION OF RESULTS 
·,Many of the correlations for two-phase heat transfer in straight 
.. , 
tubes.'and coils tftilize the Lockhart-Martinelli parameter as the corre-
lating parame:ter.· Correlations by Dengler and Addams (8), Bennett, et 
al (3), Schrock and Grossma:q. (28), Chen (6), Owhadi et al. (2, 23, 24), 
,.'·· 
and de La Harpe et al. (7.) .all utilize the Lockhart-Martinelli parame-
ter in one form or another. The Lockhart-Martinelli parameter arose 
from an anal~sis and empirical correlation of isolated thermal two-
phase, two-component pressure drop data in straight horizontal tubes 
(15). It was later utilized in correlation of boiling two-phase pres-
sure drop data by Martinelli and Nelson (16). The parameter is defined 
as: 
x = 
(dp/dl) 1 
(dp/dl)g (6-1) 
For two-phase conditions in which both the liquid and vapor phases are 
turbulent (as determined by the superficial one-phase Reynolds number) 
this parameter can be expressed as: 
= 
(1 _ X) Q.9 (...e..&...) O· 5 ( µl~ 0· l 
x Pl µg 
(6-2) 
There are other expressions for the Lockhart~Martinelli parameter for 
each of the other three combinations of laminar and turbu~ent gas and 
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liquid phases. The parameter Xtt was chosen as the correlating vari-
able for this study even though a few of the data points were taken at 
very high qualities where the Reynolds number for the liquid phase was 
in .the laminar regime. It should be noted that the variation in Xtt is 
due primarily to the variation of steam quality since only slight 
changes of the steam and water properties occur due to the pressure and 
temperature variations of the two-phase mixture encountered in this 
study. 
Previous authors have correlated the ratio of the heat transfer 
coeffici~nt for two-phase flow to a heat transfer coefficient calcu-
lated as if only the liquid were flowing in the tube. For the steam 
quality range covered in this study the ratio of the heat transfer co-
efficient for two-phase flow to a heat transfer coefficient calculated 
as if only the vapor were flowing in the tube was deemed to be more 
appropriate, The Seban-McLaughlin equation (79) was used to calculate 
the vapor heat transfer coefficient, hgc' The-~quation is: 
,,'A'.; 
(6-3) 
The data are presented both in the form of circumferential average heat 
transfer coefficients and in the form of local heat transfer coeffi-
-
cients. The circumferential average heat transfer coefficient, h, was 
calculated for each longitudinal location along the coil. The circum~ 
ferential average heat transfer coefficient was defined as the ratio of 
the average heat flux to the average temperature difference between the 
inner tube surface and the two-phase mixture. The average heat flux. 
and the average temperature difference are arithmetic circumferential 
averages. The correlation of h/h c for the small coil is shown in 
. g 
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Figure 32 and the correlations for the local heat transfer coefficients 
are shown in Figures 33 through 36. As evidenced by the scatter in the 
correlation, the Lockhart-Martinelli parameter does not correlate data 
in the high-quality regime as well as data at lower qualities. In 
addition, the presence of slip between vapor and liquid phases and of 
thermal nonequilibrium between the phases cause correlational diffi-
culties. The general trend is evident, however. As would be expected, 
h/hgc asymptotically approaches unity as l/Xtt becomes very large. By 
referring to the symbols and conditions for each experimental run sum-
marized in Table IV, several things can be noted. The mass velocities 
in runs 114, 11g, and 120 were lower than the mass velocities for other 
experimental runs. At the lower mass velocities the local heat trans-
fer coefficients at the 0° and 270° positions behave irregularly and in 
general are much lower than the local heat transfer coefficients for 
runs with higher mass velocities. The local heat transfer coefficients 
at the go0 position for these runs are generally higher than those for 
other runs while the coefficients at the 180° position are about the 
same. The net effect of the variation of local coefficients is to make 
the circumferential average coefficients fall on the low side of coef-
ficients for other runs. This behavior is probably due to flow patterns 
similar to those observed in the visual flow studies (Appendix B) where 
liquid was present at the go0 position in the form of a wavy stream but 
was not distributed to other portions of the tube wall. 
There also appears to be an effect of heat flux on the heat trans-
fer coefficients. Heat flux is included in the correlations of Schrock 
and Grossman (28) and Bennett, et al (3). The heat flux in runs 107 
and 108 was lower than the heat flux for other experiment~! runs. The 
h 
hgc 
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local and circumferential average heat transfer coefficients for these 
runs are lower than those for other runs. For purposes of comparing 
local heat transfer coefficients to the circumferential average heat 
transfer coefficients, the correlating line for the circumferential 
average heat transfer coefficients is shown as a dashed line in Figures 
33 through 36. The local coefficients at the o0 , 180°, and 270° posi-
tions are lower than the circumferential average coefficients at higher 
qualities while the coefficients at the 90° position ar~ much higher. 
This behavior is the result of the secondary circulation pattern, which 
evidently provides liquid at the 90° position even at very high 
qualities. 
Correlations for the large coil are shown in Figures 37 through 41. 
They are similar to the small coil results in all respects. In com-
paring the heat transfer coefficients for the large and small coils it 
can be noted that the h/hgc values for the large coil are slightly 
higher than those for the small coil. This is probably due to the fact 
that values of hgc for the large coil, as calculated from the Seban-
McLaughlin equation, are about 7% lower than values of hgc for the 
small.coil. 
The present correlation is compared to the correlations. of Owhadi 
(22) and de La Harpe et al. (7) in Figure 42. In order to compare the 
correlations, results of the present study were presented as the ratio 
of the two-phase heat transfer coefficient to the heat transfer coeffi-
cient calculated as if the liquid were flowing alone in the coil, 
h/h1c• The results show a decrease in heat transfer efficiency start-
ing at a value of l/Xtt of about 50. This decrease was not noted by 
Owhadi. The correlation of de La Harpe et al. for liquid helium-I 
h 
hgc 
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begins to decrease at a value of l/Xtt of about 13. Figure 42 indi-
cates that hie is not a satisfactory reducing variable for data in the 
high quality regime. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Forced convection heat transfer to high-quality two-phase mixtures 
of water and steam was studied in two helical coils with diameters of 
9.99 and 20.64 inches. The coils were constructed of 0.495 inch ID 
stainless steel tubing in which heat was generated electrically. Local 
and circumferential heat transfer coefficients were correlated as a 
function of the Lockhart-Martinelli parameter. Studies were made of 
single-phase heat transfer and of system stability. A visual flow 
study was made with air-water mixtures in a transparent coil. 
The secondary circulation is·quite efficient in distributing liquid 
to the surface of the tube. Heat transfer coefficients at all circum-
ferential positions remain high up to qualities of approximately 90%. 
At 90% vapor quality the heat transfer coefficients at the 0° and 180° 
positions decrease sharply and at a quality slightly greater than 90% 
the heat transfer coefficient at the 270° position decreases. The heat 
transfer coefficient at the 90° position remains substantial at 
qualities up to essentially 100%. 
Visual observations confirm the presence of a secondary flow pat-
tern and the presence of a slow-moving liq~id stream at the 90° posi-
tion. The study of system stability confirmed that an increase in mass 
velocity increases the system stability while an increase in heat flux 
80 
decreases the system stability. The large coil was more stable than 
the small coil. 
.81 
Heat transfer results were correlated with the Lockhart-Martinelli 
parameter in the high-quality regime. 
Further studies are needed to better define the effect of mass ve-
locity on heat transfer. Equipment should be designed to allow a much 
larger variation of mass velocity while measuring more detailed circum-
ferential temperature profiles, A fairly long coil with a short, 
highly-instrumented heated section would provide more detailed informa-
tion on flow patterns. 
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NUMERICAL SOLUTION OF WALL TEMPERATURE GRADIENT 
FOR A COILED TUBE WITH INTERNAL HEAT 
GENERATION IN THE WALL 
The process used to bend a straight tube into a coil produces 
changes in the dimensions of the wall. This process involves filling 
of the tube with a relatively incompressible substance, bending of the 
tube around a mandrel of appropriate diameter, and dissolving of the 
incompressible filler. Using this method the elliptical deformation of 
the tube wall is minimized. The elliptical deformation of the two 
coils used in this study was measured and the results are shown in 
Table VIII. 
The principal effect of bending is the thickening of the tube wall 
on the side nearest the axis of the helix and the thinning of the tube 
wall on the side farthest from the axis of the helix. The effects of 
variable wall thickness on heat conduction with electrical heat genera~ 
tion are twofold: 
1) The distance for radial heat conduction varies around the cir~ 
cumference of the tube. 
2) The cross-sectional area for axial electrical conduction 
varies around the circumference of the tube. 
In addition, the axial length of the electrical conduction path varies 
around the circumference of the tube. The following discussion de-
scribes the geometrical considerations taken in the numerical solution 
of the wall temperature gradient. 
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Heat Balance on Incremental Element 
Consider a small element in the wall of a straight tube as shown 
in Figure 43a. When the straight tube is bent into a helix, the 
cylindrical element becomes deformed, an exaggerated view of which is 
shown in Figure 43b. A steady state heat balance may be written around 
the element. The following assumptions are utilized in the derivation: 
TABLE VIII 
VARIATION IN OUTSIDE DIAMETER OF THE .COILS. 
Axial Small Coil Large Coil Station 
Dist., ft. Major I Minor Major I Minor Dia .• in. Dia .. in. Dia .• in. Dia., in. 
1 1 0.637 0.614 0.630 0.626 
2 2 0.637 0.613 0.631 0.625 
3 3 0.637 0.614 0.630 0.626 
4 4 0.635 0.616 0.631 0.625 
5 5 0.634 0.617 0.630 0.625 
6 6 0.636 0.618 0.631 0.625 
7 7 0.635 0.618 0.630 0.625 
8 8 0.635 0.618 0.631 0.626 
9 9 0.635 0.618 0.631 0.625 
10 9.75 0.635 0.618 0.630 0.625 
Average major diameter, small coil 
-
0.636 in. 
Average minor diameter, small coil 0.616 in. 
Average major diameter, large coil 0.631 in. 
Average minor diameter, large coil 0.625 in. 
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Figure 43a. Cylindrical Element 
Figure 43b. Skewed Element 
Figure 43. Effect of Bending on Tube Wall 
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1) The ellipticity of the tube is neglected. 
2) Axial conduction of heat is neglected. 
3) Electrical current flows parallel to the axis • 
.. 
4) The pitch of the helix is neglected, i.e., the tube ·axis is 
planar. 
Figure 44a shows a cross section of the tube with eJ,.ement (i,j) 
and its surrounding elements. Figure 44b is an enlargement of element 
(i,j) showing geometric,al features of interest. A steady state heat 
balance around element (i,j) following the convention that heat in is 
positive yields the following result: 
k(i,j) (i,j-1) [ T(i,j-1) - T(i,j) J a<P(i,j) 
d<P{i,j) 
+ k(i,j)(i,j+l) 
/?· + k(i,j) (i-1,j) 
[ T(i,j+l) - T(i,j) ] 
. ;~ ( 1 .. 
[ T(i-1,j) - T(i,j) ] 
acp(i ,j+l) 
dcj>(i ,j+ 1) 
ar (i, j) 
dr(i,j) 
+ k(i,j) (i+l,j) [ T(i+l,j) - T(i,j) J ar(i+l,j) 
dr (i+l ,j) 
dz(i,j) 2 
- 3,413 ( 0 ') I(i,J') = 0 Pe i,J az(i,j) (A-1) 
where k is the average thermal conductivity between two adjacent ele-
ments, a is the area for conduction between two adjacent elements, d is 
the distance for conduction between the centroids of two adjacent ele-
ments, Pe is the electrical resistivity of the element, and I is the 
electric~! current flowing in the element.. Solving equation (A-1) for 
T (i+l ,j) yields: 
Figure 44a. Cross-Section of Tube Wall 
Figure 44b. Cross-Section of Element 
(i ,j) 
Figure 44. Tube Cross-Sections 
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T(i+l,j) a¢(i,j) dr(i+l,j) k(i,j)(i,j-1) [ T(i,j) - T(i,j-1)] 
d¢(i,j) ar(i+l,j) k(i,j)(i+l,j) 
a¢(i,j+l) dt(i+l,j) k(i,j)(i,j-1) 
+ d¢(i,j+l) ar(i+l,j) k(i,j)(i+l,j) [ T(i,j) - T(i,j+l)] 
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ar(i,j) dr(i+l,j) k(i,j)(i-1,j) 
+ ( ) ( ) ( ) ( 1 ) I_ T(i,j) - T(i-1,j)] .+~···. dr i,j ar i+l,j k i,j i+ ,j 
4 dr(i+l,j) 1 d2 (i,j) 2 
- 3, 13 Pe(i,j) I(i,j) 
ar(i+l,j) k(i,j) (i+l,j) a 2 (i,j) 
+ T(i,j) (A-2) · 
Equation (A-2) is the basic equation for the .numerical solution of 
the·wall temperature gradient. Given the point-wise temperature dis-
tribution on the outer surface of the tube (measured by thermocouples), 
a stepping solution gives the temperatures of the elements in the second 
ring from the surface. In this manner the temperature distribution on 
the inner surface may be determined. The solution also yields the heat 
flux distribution on the inner surface. An iterative solution is neces-
sary to take into account the temperature dependence of the thermal 
conductivity and electrical resistivity. An initial temperature dis-
tribution is assumed and properties are evaluated at.the assumed tern-
perature. At the end of the first iteration the properties are re~ 
evaluated at.the calculated temperature. This process is repeated 
unt;il the calculated temperature distribution ceases to change. Special 
heat balance equations are required for the elements at the outer sur~ 
face of the tube. In these special equations the term describing 
radial conduction in the outward direction is replaced with a term 
describing heat loss through the 'Outer insulation (bbtained via cali-
bration). 
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The solutiqn of the wall temperature gradient requires the evaJ,u-
ation of the distances and areas for conduction between adjacent ele-
ments and the distance and area for electrical conduction through the 
elements. The skewed nature of the ·elements makes the equations de-
scribing the geomet+ical features fairly complex. It is possible to 
make all of the equations rigorous. In some cases, however, it was 
possible to use a numerical approximation without adversely affecting 
the accuracy of the solution. 
Heat Conduction Distances and Areas for 
Adjacent Elements 
The distance for radial heat conduction between.two adjacent ele-
ments (shown in Figure 44a) can be expressed as: 
= 
0 
n 
(A-3) 
where o is the wall thickness at the center of the element in question 
and n is the number of slices into which the tube wall has been divided. 
The wall thickness is a function of the angular position of the ·center . 
of the element, ~' as shown in Figure 45 .and has been expressed by 
Owhadi (22) as: 
(A-4) 
where om and rm are the wall thickness and mean radius of the tube be-
fore bending and.R is the radius of the helix. Substitut:i,ng equat:i,.on 
(A-4) into equation (A-3) yields the expression for the distance for 
Figure 45. Angular Position of Incremental Element 
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I 
Axis of 
Helix 
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radial conduction between two adjacent elements as a function of the 
angular position of the ;element: 
(A-5) 
The angular distance for heat conduction between two adjacent ele-
ments, d¢, is a function of both angular and radial position in the 
tube wall. This distance is taken as the distance along a curved line 
between the centers of two adjacent elements where the line lies midway 
between the radial boundaries of the elements. The length of.this line 
can be approximated as the arc of a circle subtended by the angular in-
crement ~¢. where the circle has a radius equal to the mean of the two 
radii from the center of the tube to the centers of the two adjacent 
elements, or: 
(A-6) 
The mean radius is a function of the angular position of the element 
and for element (i,j) can be written as: 
= (A-7) 
Substituting equation (A-7) into (A-6), the angular distance for 
heat conduction between two adjacent elements becomes: 
= [ r + cSm (n-2i+l) ( R )] 
m 2 n R - rm sin ¢ M (A-8) 
Derivations similar to the ones above yield the following equa-
tions for the areas for radial and angular heat conduction, 
respectively: 
= 
vl 
[ R - rm sin <j> Om (n-2i+2) ( 2 n R 
(n-2i~l} ( R sin 4> )1 9 
__ .:,.- 2. '· R - rm sin <j> 
I . 
R sin <j> 
rm sin <l>)J 
where 9 is the angle that subtends a one-foot length of coil as 
measured along the axis of the tube. 
Distance and Area for Electrical Conduction 
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(A-9) 
. (A-10) 
The length for electrical conduction along an increment is a 
function of the radial and angular position and can be expressed as: 
[ R _ r sin{- "0m (n-2i+l) ( R sin p )Je 
m 2 n R - rm sin 4> · (A-11) 
The area for electrical conduction can be obtained by integration 
of the cross-sectional area of an increment: 
= (A-12) 
Performing the inner integration and substituting: 
= 
+ (n-2i+l) (omR) 2 
2 n 
(A-13) 
The area for each element is calculated via numerical integration of 
equation (A-13). 
Results of Solution 
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Typical results of the numerical.solution are shown in Figures 46 
through 48. Plotted in these figures are the inside and outside tem-
perature distribution and the heat flux distribution for the inner 
wall. Also shown.on the figures is a comparison of the experimentally 
measured .coil power generation and the power generation calculated via 
the .numerical solution. Agreement is excellent in _all cases. 
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APPENDIX B 
1nn 
VISUAL FLOW OBSERVATIONS 
Several previous investigations of two-phase flow in helical coils, 
both with and without heat transfer, have indicated the presence of 
secondary flow patterns. Rippel et al. (26) proposed that the fact 
that liquid holdup in a helical coil is less than that in a straight 
horizontal pipe was due to the presence of a secondary flow pattern. 
Banerjee et al. (1), visually observed liquid films on the tube wall of 
a coil nearest the coil axis at certain combinations of gas and liquid 
flow rate. They termed this behavior "film inversion." Owhadi (22) 
suggested the presence of a secondary flow pattern which caused large 
circumferential variations of the tube wall temperature during two-
phase heat transfer in a helical coil. 
In order to investigate the flow patterns which occur during high-
quality two-phase flow in a helical coil, a visual flow study was con-
ducted. A transparent coil was constructed by wrapping 5/8-inch OD x 
1/2-inch ID Tygon tubing around a cylindrical mandrel. The resulting 
coil had approximately the same dimensions as the small stainless steel 
coil used in the heat transfer study. A mixture of air and water was 
passed through the coil and visual observations and photographs were 
made. A photograph of the apparatus is shown in F~gure 49. 
Figure 50 shows a slow-moving stream of liquid on the inner wall 
of the tube. A short section of one of the turns of the coil is visi-
ble. Flow is from left to right and the water was colored to enhance 
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Figure 49. Visual Flow 
Apparatus 
Figure 50. Flow Pattern on Inside Tube Wall 
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the photography. For the combination of liquid rate and air velocity 
shown in this photograph no liquid was entrained by the air stream. 
Figure 51 shows the flow pattern at a higher air velocity and a higher 
liquid rate. Under these conditions water is entrained by the air and 
flung onto the outer wall of the tube. From this point it spirals back 
to the inner wall as it moves through the coil and is redeposited in 
the liquid stream. The secondary circulation pattern can be seen on 
the outer surface of the tube in this photograph. 
Figure 52 shows a close-up photograph focused on the outer wall of 
the tube. Flow is from left to right. The effect of the secondary 
circulation pattern on liquid drops on the o:uter tube wall can be 
clearly seen. The droplets spiral back toward the inner wall of the 
tube as they move along the coil. 
The evidence gathered from the visual flow observations confirms 
the presence of a secondary flow pattern and indicates that a helical 
coil is very efficient in distributing liquid onto the tube surface. 
The presence of a liquid stream on the inner wall of the tube provides 
an explanation for the low wall temperatures measured at this position 
in the heat transfer experiments. 
Figure 51. Flow Pattern at Higher Air Velocity 
and Liquid Rate 
Figure 52. Close-Up of Outer Tube Wall 
104 
APPENDIX C 
SAMPLE CALCULATIONS 
SAMPLE CALCULATIONS 
All data were reduced on a digital computer. The sample calcula-
tions in this appendix are provided as an example of how the calcula-
tions were made. The sample calculations will be performed for the o0 
position at station 7 for run 109. Raw data for this run are shown in 
Table IX. 
. TABLE IX 
RAW DATA FOR RUN 109 
Coil current = 400 amps 
Coil voltage= 12.7 volts 
Coil inlet pressure= 18.35 psig 
Coil outlet pressure= 6.10 psig 
Volume condensed effluent steam collected = 1000 cc 
Temperature condensed effluent steam= 88 °F. 
Volume effluent water collected = 67 cc 
Temperature effluent water= 84 °F. 
Collection time = 1.33 min. 
Atmospheric pressure = 14.4 psia 
Room temperature= 84 °F. 
Coil inlet temperature= 253.7 °F. 
Coil outlet temperature 229.3 °F . 
. Thermocouple 71 reading = 6.430 mv 
The total flow rate for run 109 was calculated from the volumetric 
samples collected. The density of water at the collection temperatures 
1 r.c. 
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was calculated from the following polynomial fit of .data from Perry's 
Handbook( (25): 
1.0016 + 2. 771 x 10-s T -· 1.133 x 10-6 T2 
At 84 °F. the density of water is: 
PH2o 0.9959 gm/cc 
At 88 °F. the density of water is: 
PH2o 0.9953 gm/cc 
·The flow rate of coil effluent steam is: 
wsteam = _l_OO_O __ ~_c x 0.9953 gm/cc x 0.002205 lb/gm 1.33 min 
1. 65 lb/min 
The flow rate of coil effluent water is: 
W 67 cc x 0.9959 gm/cc x 0.002205 lb/gm H.20 1 33 . 
. min 
= 0,111 lb/min 
The total mass flow rate is: 
= 
The mass velocity is: 
G 
1. 65 + 0. 111 1. 76 lb/min 
1.76 lb/min x 60 min/hr 
1.336 x 10-3 sq. ft. 
79,040 lb/(hr)(sq. ft.) 
For all cases in which the coil inlet and outlet streams were saturated, 
it was felt that the temperatures of the inlet antj. outlet streams were 
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a much more accurate indication of fluid conditions than the inlet and 
outlet pressures which were measured on gauges. The coil inlet and 
outlet pressures were thus calculated from temperature measurements. 
The coil inlet pressure at point of temperat.ure measurement is calcu-
lated .from the following equation which is derived from the steam 
tables of Keenan and Keyes (12): 
p = [15.91-· 880 J 
e (T + 460) 
The inlet pressure is: 
Pin 32.l psia 
The point of inlet temperature measurement was 18 inches from the coil 
inlet. The coil inlet pressure was corrected to this point by linear 
interpolation using the inlet and outlet pressures. The corrected coil 
inlet pressure is: 
Pin = 
18 32.1 - 134 (32.1 - 20.5) 30.5 psia 
The coil outlet pressure i~: 
Pout = 20.6 psia 
The point of outlet temperature measurement was 6 inches from the coil 
outlet. The coil outlet pressure was corrected to this point by linear 
interpolation using the inlet and outlet pressures. The corrected coil 
outlet pressure is: 
Pout 
6 20.6 + 126 (30.5 - 20.6) 21. l psia 
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The temperatures at the coil inlet and outlet were calculated from the 
following polynomial fit of saturation temperature versus pressure de-
rived from the steam tables of Keenan and Keyes (12): 
151.3 + 5.195 P - 0.01944 p 2 + o.5498 x lo-3 P3 
The coil inlet temperature calculated from the corrected coil inlet 
pressure is: 
= 251. 4 °F. 
The coil outlet temperature calculated from the corrected coil outlet 
pressure is: 
Tout = 230. 7 °F. 
The coil inlet quality is calculated from a heat balance at the coil 
inlet. Given the enthalpy and flow rates of the makeup steam and water 
streams before mixing and the pressure and temperature conditions of 
the stream after mixing, a simple heat balance yields the coil inlet 
quality: 
= 65 0 7% 
The outside wall temperature for thermocouple 71 is calculated via a 
trial and error solution. Thermocouples were calibrated by bleeding 
steam through the coil at atmospheric pressure. Each thermocouple was 
referenced to a thermocouple in a steam bath, The millivolt reading 
obtained under these conditions is the thermocouple correction factor 
which was assumed to be due to the conduction of heat through the 
thermoc0uple wires. The correction factor is therefore proportional to 
the difference between the thermocouple junction temperature and room 
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temperature. The thermocouple correction factor for thermocouple 71. 
was 0.012 mv and the .coil and room temperatures at which the cor~ection 
factor was measured were 210.63 °F, and 75 °F. respectively. The 
thermocouple junction temperature is estimated from the following 
polynomial fit of the thermocouple tables: 
T = 32.44 + 35.33 EMF - 0.2903 EMF2 + 0.01163 EMF3 
- 1.607 x 10-4 EMF4 
The measure9 emf.for thermocouple 71 was 6.430 mv. The estimated.tern-
perature is therefore: 
= 250.4 °F. 
The correction factor for this temperature is calculated as: 
TCF = 
The actual emf is: 
0.012 (250.4 - 84) 
210.6 - 75J = 0.0147 
EMF 6,430 + 0.0147 = 6.445 mv 
The new estimated temperature is: 
T = 250.9 °F. 
est 
The correction factor for this temperature is: 
TCF = 0.012 (250.9 - 84) 210.6 - 75 = 0.0148 
The actual.emf is thus the same as the emf.calculated in the previous 
trial:. 
EMF = 6.430 + 0.0148 = 6.445 mv 
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The new estimated temperature is also the same: 
= 250.9 °F. 
Given the circumferential temperature distribution of the outer tube 
surface, the circumferential temperature and heat flux distributiO!fS on. 
the inner tube surface were calculated via the numerical solution de-
scribed in Appendix A. The trial and error solution is complex and a 
full sample calculation would be difficult .to show. The equations used 
in the computer .solution are described in detail in Appendix A. The 
computer solution produced the following results for the inside wall 
temperature and heat flux for position 71: 
246.6 °F. 
(Q/A) 71 1.450 x 104 Btu/(hr)(sq. ft.) 
The heat flux shown above is based on heat generation rates calculated 
as the square of the current flowing in a tube wall increment times the 
resistance of the increment. The total coil generation rate is the sum 
of all of the increment generation rates. The total coil heat gene-
ration rate calculated by the computer solution was: 
= 5132 watts 
The total coil heat generation rate can also be calculated as the pro-
duct of the coil current and voltage, or: 
= 400 amps x 12.7 volts 
5080 watts 
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The ratio of experimental to calculated coil heat generation rates was 
used to correct the heat addition rate to the two-phase mixture. The 
ratio is: 
RQ Qexp/Qcal 
5080/5132 
0.9899 
The pressure of the two-phase mixture at station 7 was calculate.cl by 
linear interpolation between the inlet and outlet pressures: 
= Pin - 7/10 (Pin - Pout) 
= 30.5 - 7/10 (30.5 - 21.1) 
23.9 psia 
The saturation temperature at this pressure was calculated from the 
equation shown earlier: 
151.3 + 5.195 p - 0.07944 p2 
+ ·o.5498 x 10- 3 p 3 
237.6 °F. 
The heat flow with the two-phase mixture at station 7 is the he.at flow 
of the inlet two-phase mixture plus the coil heat addition rate up to 
station 7. The heat flow of the inlet two-phase mixture was calculated 
as: 
= 
The enthalpies of the liquid and vapor in the inlet two-phase mixture 
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were calculated from the following equations derived from the steam 
tables of Keenan and Keys (12): 
h1 = 26.34 + 0.942 T x 0.147 x 10-3 T2 
= 258.5 Btu/lb 
hg = 1056 + 0.519 T - 0.353 x 10-3 T2 
= 1159 Btu/lb 
The heat flow of the inlet two-phase mixture is: 
Qin 1. 76 lb/minx (1 - 0.657) x 258.5 Btu/lb 
+ 1.76 lb/minx 0.657 x 1159 Btu/lb 
1496 Btu/min x 60 min/hr 
89,760 Btu/hr 
The heat addition rate up to station 7 is the summation of the products 
of each inner surface increment heat flux times the inner surface area 
of the increment, i.e., 
= 
7 8 
I E (Q/A)1 .. x A .. 
,J 1,J i=l j=l 
12,020 Btu/hr 
The heat flow with the two-phase mixture at station 7 is: 
= 
= 89,760 + 12,020 
101,800 Btu/hr 
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The quality of the two-phase mixture at station 7 was calculated from 
a heat balance at that point: 
Solving for x7: 
(Q7/wtota,l _xz 60) - hl 
hg - hl 
(101,800/1.76 x 60) - 258.5 
1159 - 258. 5 
= 0.784 = 78.4% 
The heat transfer coefficient at position 71 is the heat flux at this 
position divided by the temperature difference between the inner tube 
wall and the two-phase mixture. The temperature difference between the 
inner tube wall and the two-phase mixture is: 
= 246.6 - 237.6 
= 9.0 °F. 
The heat transfer coefficient at position 71 is: 
= 
1.450 x 104 Btu/(hr)(sq. fti) 
9.0 °F. 
= 1.61 x 103 Btu/(hr)(sq. ft.)(°F.) 
Thedata were correlated as the ratio· of the heat transfer coe:l;ficient 
to a heat transfer coefficient calculated as if .the gas phase were 
115 
flowing alone in the coil, h71 /hgc• Values of hgc were calculated from 
the Seban-McLaughlin equation (29): 
0.023 (..!:.s_) ReO.SS Pro. 4 (iL) 0.1 
d D 
The Reynolds number for the gas phase flowing alone is: 
where: 
0.784 x 1.76 x 60/0.00133 
= 62,250 lb/(hr)(sq. ft.) 
The viscosity of the gas phase was calculated from the following re-
lationship reported by Owhadi (22): 
µg = [8.54 + 03~9 (Tsat 224) J 3600 x 10-6 
= [8.54 + ~ (237.6 - 224)] 3600 x 10-6 
= 0.03141 lb/(ft)(hr) 
The superficial gas phase Reynolds number is: 
= 
(0.495/12) x 62,250 
0.03141 
81,750 
The Prandtl number for the gas phase is: 
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The heat capacity of the gas phase was calculated from the following 
polynomial fit of data from Perry's handbook (25): 
Cpg 0.46621 - 0.33D54 x 10- 3 Tsat 
0.5061 Btu/(lb)(°F.) 
The thermal conductivity of the gas phase was calculated from the fol-
lowing polynomial fit of data from Perry's handbook (25): 
kg 0.011257 + 0.13214 x 10-5 Tsat 
0.0151 (Btu)(ft)/(hr)(sq. ft.)(°F.) 
The Prandtl number for the gas phase is: 
0.5061 x 0.03141 
0.0151 
1.053 
The heat transfer coefficient calculated as if the gas phase were flow-
ing alone in the coil is: 
0.0151 0 85 0.023 c0 _495112 ) cs1,150)·· 
(1.053)0.4 (0.495/9.99)0.1 
95.36 Btu/(hr)(sq. ft.)(°F.) 
The Lockhart-Martinelli parameter was calculated as: 
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The density of the gas phase was calculated from the following equa-
tion derived by Owhadi (22): 
Pg = 
I 18 P7 1.022 L: J 
10.73 (Tsat + 460) 
= 
1.022 l 18 x 23.9 J 
10.73 (237.6 + 460) 
= 0.5874 lb/ft3 
The density of the liquid phase was calculated from the following 
equation derived by Owhadi (22): 
59 97 - O.% (T - 21.2) 
· 36 sat 
= 59.97 - 0 3~6 (237.6 - 212) 
59.29 lb/ft3 
The viscosity of the liquid phase was calculated from the following 
equation reported by Owhadi (22): 
T t - 212 
µ 1 241.9 {2,148 ( sa l. 8 ) + 91.565) 
Tsat - 212 J 1:2 
+ 2.1482 [8078.4 + (91.565 + 1.8 ) 2 - 120}- 1 
= 0.5966 lb/(ft)(hr) 
The Lockhart-Martinelli parameter is: 
xtt = <1 - o.784)o.9 (0.05874)0.s <0.5966 ) 0. 1 
0.784 59.29 0.03141 
0.01324 
APPENDIX D 
HEAT TRANSFER DATA FOR SMALL COIL 
1 1 Q 
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TABLE X 
RUN 101, SINGLE-PHASE, LAMINAR FLOW 
Water feed rate: 34,000 lb/(hr)(sq. ft.) 
Coil current: 198 amps 
Coil voltage: 5.9 volts 
Inlet temperature: 80 oF. 
Outlet temperature: 180 oF. 
Average heat flux: 3,080 Btu/(hr)(sq. ft.) 
Outside wall temperature, OF: 
Circumferential Location 
Station 
Oo 450 900 1350 1800 2250 270° 315° 
1 123.2 119. 6 109.7 107.8 
2 133.2 134.0 126.6 120.7 117. 2 114. 9 116 .5 123.8 
3 140.0 134.0 127.5 127.7 
4 149.2 141.0 135.1 138.0 
5 158.8 150.8 143.7 145.9 
6 166.7 159.0 152.7 154.6 
7 176.8 168.6 160.4 163.0 
8 183.7 175.1 168.4 171. 4 
9 192.0 191. 8 184.7 180.0 178.1 178.6 181. 3 185.5 
10 200.0 190.8 182.3 184.5 
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TABLE XI 
RUN 102, SINGLE-PHASE, LAMINAR FLOW 
Water feed rate: 63,400 lb I (hr) (sq. ft.) 
Coil current: 256 amps 
Coil voltage: 7.6 volts 
Inlet temperature: 80 oF. 
Outlet temperature: 180 oF. 
Average heat flux: 5,120 Btu/(hr)(sq. ft.) 
Outside wall temperature, °F: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 115. 6 129.4 114.5 106.1 
2 131. 6 142.5 137.4 129.4 122.9 119.1 117 .9 121. 3 
3 142.0 143.6 132.7 125.7 
4 146.6 150.1 138.8 135.9 
5 154.0 157.1 144.7 142.8 
6 164.4 164.2 153.2 151. 6 
7 173.4 172.6 160.3 158.8 
8 180.1 177 .6 165.9 166.2 
9 186.4 192 •. 9 185.8 179.0 174.5 172.7 175.1 178.8 
10 191. 7 191. 3 179.6 178.8 
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TABLE XII 
RUN 103, SINGLE-PHASE, TURBULENT FLOW 
Water feed rate: 488,000 lb/ (hr)(sq. ft.) 
Coil current: 496 amps 
Coil voltage: 15.0 volts 
Inlet temperature: 80 oF. 
Outlet temperature: 100 oF. 
Average heat flux: 19,500 Btu/(hr)(sq. ft.) 
Outside wall temperature, oF.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 118. 2 141. 3 121. 5 111. 8 
2 122.2 135.0 146.1 133.6 122.7 115.8 113.1 114.9 
3 123.8 148.2 125.2 115.6 
4 127.1 150.2 128.1 119. 8 
5 130.0 151. 8 130.5 123.7 
6 132.9 154.4 134.5 126.8 
7 136.1 155.8 136.3 129.9 
8 139.7 158.6 138.2 132. 9 
9 141. 6 150.3 160.7 152.8 142.4 137.2 135.9 137.3 
10 144.6 162.6 144.5 137.7 
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TABLE XIII 
RUN 104, TWO-PHASE 
Mass flow rate: 70,700 lb/(hr) (sq. ft.) 
Coil current: 350 amps 
Coil voltage: 11.1 volts 
Average heat flux: 10,200 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, °F.: 246.0 227.7 
Pressure, psia: 27.8 19.9 
Steam quality: 69.7 86.5 
Outside wall temperature, OF.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180°. 225° 270° 315° 
1 250.5 253.2 251.3 249.4 
2 249.7 251. 3 252.7 251.8 250.4 248.4 248.9 248.7 
3 248.5 251.6 249.3 247.9 
4 248.0 250.5 248.9 247.2 
5 246.9 250.0 247.2 246.3 
6 246.1 248.9 246.8 245.6 
7 245.0 247.6 245.5 244.8 
8 244.4 246.6 244.4 243.9 
9 243.4 244.7 245.9 245.2 243.7 242.9 242.5 243.2 
10 242.7 245.5 243.0 242.4 
Mass flow rate: 
Coil current: 
Coil voltage: 
Average heat flux: 
Temperature, OF. : 
Pressure, psia: 
Steam Quality: 
TABLE XIV 
RUN 105, TWO-PHASE 
70,900 
380 
12.2 
12,200 
Inlet 
247.5 
28.5 
69.7 
123 
lb/(hr)(sq. ft.) 
amps 
volts 
Btu/(hr)(sq. ft.) 
Outlet 
229.0 
20.4 
89.4 
Outside wall temperature, OF.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 252.4 256.0 253.6 251.2 
2 251. 8 253.8 255.1 254.4 252.6 250.5 250.7 250. 8 
3 251. 2 254.7 251.9 250.4 
4 250.5 253.6 251.2 249.3 
5 249.2 252.7 249.4 248.5 
6 248.1 251.4 248.7 247.7 
7 247.2 250.2 247. 6 246.7 
8 246.4 249.1 246.3 245.7 
9 245.1 246.8 248.2 247.6 245.4 244.8 244.4 245.1 
10 24505 247.9 246.3 244.3 
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TABLE XV 
RUN 106, TWO-PHASE 
Mass flow rate: 70,900 lb/(hr)(sq. ft.) 
Coil current: 250 amps 
Coil voltage: 7.9 volts 
Average heat flux: 5,200 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, OF.: 242.6 222.3 
Pressure, psia: 26.1 18.0 
Steam quality : 80.5 90.0 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 243.7 245.5 244.5 243.5 
2 243.0 243.9 244.8 244.3 243.5 242.6 243.l 243.2 
3 242.5 243.9 242.5 241. 9 
4 241.5 243.0 242.l 241.1 
5 240.6 242.4 240.7 240.4 
6 239.7 24L4 240.6 239.9 
7 239.0 240.5 239.3 238.9 
8 238.l 238,9 238.0 237.7 
9 237.3 237.9 238.8 238.0 237.4 237.2 236.5 237.3 
10 236.7 238.2 237.4 236.8 
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TABLE XVI 
RUN 107, TWO-PHASE 
Mass flow rate: 71, 300 lb/ (hr) (sq. ft.) 
Coil current: 200 amps 
Coil voltage: 6.3 volts 
Average heat flux: 3,320 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperatur~, oF.: 248.5 229.2 
Pressure, psia: 29.l 20.5 
Steam quality: 80.8 87.6 
Outside wall temperature, OF.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 249.8 251.0 250.5 250.0 
2 249.4 249.7 250.7 250.0 249.8 248.9 249.6 249.6 
3 249.0 250.0 249.l 24a.8 
4 248. 5 249.3 248.8 248.l 
5 247.2 248.3 247.l . 247 .1 
6 246.5 247.5 247.0 246.4 
7 245.4 246.4 245.9 245.7 
8 245.l 245.5 245.l 244.9 
9 244.0 244.l 244.7 244.3 24·4 .1 243.8 243.2 244.0 
10 243.3 244.l 243.6 243.2 
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TABLE XVII 
RUN 108, TWO-PHASE 
Mass flow rate: 73,500 lb/ (hr) (sq. ft.) 
Coil current: 150 amps 
Coil voltage: 4.8 volts 
Average heat flux: 1,900 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, oF.: 248.1 229.0 
Pressure, psia: 28.8 20.5 
Steam quality: 81. 4 86.1 
Outside wall temperature, oF.: 
Circumferential Location 
Station 
00 45° 90° 135° 1800 2250 2100 315° 
1 248.7 249.4 249.1 248.7 
2 248.2 248.1 248.7 248.6 248.4 247.4 248.2 248.3 
3 247.4 248.0 247.5 247.3 
4 246.7 247.2 247.2 246.5 
5 245.9 246.8 245.9 245.9 
6 245.2 245.8 245.5 245.2 
7 244.0 244.7 244.2 244.0 
8 243.1 243.2 243.6 243.5 
9 242.5 242.6 242.8 242.6 242.4 242.2 241.5 242.5 
10 242.0 242.4 242.l 242.0 
Mass flow rate: 
Coil current: 
Coil voltage: 
Average heat flux: 
Temperature, °F.: 
Pressure, psia: 
Steam quality: 
TABLE XVIII 
RUN 109, TWO-PHASE 
79,200 
400 
12.7 
13,400 
Inlet 
251.0 
30.4 
65.7 
1.27 
lb/ (hr) (sq. ft.) 
amps· 
volts 
Btu/(hr)(sq. ft.) 
Outlet 
230.3 
21.0 
85.1 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
00 45° 90° 135° 180° 225° 270° 315° 
1 256.3 259.8 257.5 256.6 
2 255.5 257.1 258.7 257.6 255.8 253.7 253.8 254.5 
3 254.5 257.8 255.2 253.5 
4 253.8 256.7 254.4 252.3 
5 252.5 256.1 253.0 251.9 
6 252.2 255.2 252.7 251.0 
7 250.9 254.1 251.7 250.6 
8 250.0 252.4 249.7 249.0 
9 248.6 250.4 251.7 250.9 249.0 248.4 247.5 248.6 
10 248.3 251.3 246.9 247.6 
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TABLE XIX 
RUN 110, TWO-PHASE 
Mass flow rate: 84,000 lb/(hr)(sq. ft.) 
Coil current: 550 amps 
Coil voltage: 18.0 volts 
Average heat flux: 26,100 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, Op,: 257.7 238.5 
Pressure, psia: 34.1 23.3 
Stearn quality: 67,6 100.0 (2,4 Op, 
superheated) 
Outside wall temperature, OF.: 
Circumferential Location 
Station 
oo 450 90° 1350 180° 2250 270° 315° 
1 269.3 275.0 270.3 266.2 
2 268.l 271. 7 274.3 272.4 268.7 265.5 265.6 266.1 
3 266.9 273.6 268.6 265.2 
4 266.2 171. 5 267.7 264.5 
5 265.0 271. 6 265.2 263.6 
6 267.3 270.0 267.3 262.2 
7 305.1 268.9 301. 7 262.0 
8 357.8 270.6 372.5 344.1 
9 426.2 353.0 276,5 294.9 403.4 431.8 426.5 437.0 
10 459.5 284.7 444.1 464.6 
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TABLE XX 
RUN 111, TWO-PHASE 
Mass flow rate: . 84,500 lb/ (hr) (sq. ft.) 
Coil current:. 550 amps 
Coil voltage: 17.8 volts 
Average heat flux: 25,800 Btu/(hr)(sq, ft.) 
Inlet Outlet 
Temperature, OF.: 261.6 236.3 
Pressure., psia: 36.5 23.4 
Steam quality: 49.5 83.5 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
00 45° 900 135° 180° 225° 270° 315° 
1 273.2 278.7 274.6 270.4 
2 272.0 274.7 277.1 275.3 272.3 269.6 268.9 269.5 
3 270.2 275.8 271.4 268.0 
4 269.2 274.5 270.6 267.1 
5 267.5 273.1 268.5 266.2 
6 267.0 271. 7 267.6 265.1 
7 265.2 269.8 265.7 263.9 
8 264.3 268.2 264.0 262.9 
9 262.8 265.6 267.8 266.8 263.3 262.2 261.2 261.4 
10 261.9 267.2 262.0 260.6 
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TABLE XXI 
RUN 113, TWO-PHASE 
Mass flow rate: 80,500 lb/(hr)(sq. ft.) 
Coil current: 600 amps 
Coil voltage: 19.3 volts 
Average heat flux: 30,500 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, °F.: 264.9 239.7 
Pressure, psia: 38.6 24.8 
Stearn quality: 46.8 88.5 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 278.3 284.8 279.8 275.2 
2 277. 5 281. l 283.9 281.9 278.4 275.2 274.5 275.2 
3 276.0 282.1 277 .1 273.4 
4 275.0 280.8 276.4 272. 3 
5 272.9 279.2 273.6 271.2 
6 271. 5 277.4 272. 6 270.0 
7 270.2 276.1 270.8 269.2 
8 269.3 274.6 269.2 268.0 
9 267.5 271.0 273.9 272.1 268.0 266.8 265.4 267.3 
10 272.1 272.8 276.6 265.3 
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TABLE XXII 
RUN 114, TWO-PHASE 
Mass flow rate: 41,700 lb/(hr)(sq. ft.) 
Coil current: 300 amps 
Coil voltage: 9.6 volts 
Average heat flux: 7,550 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, OF.: 227.6 218.0 
Pressure, psia: 19.8 16.6 
Steam quality: 67.6 88.3 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 262.5 234.8 235.5 265.6 
2 245.7 233.7 234.1 233.l 231.7 234.7 237.8 251.2 
3 245.9 233.5 230.7 242.1 
4 247.6 232.7 232.5 246.7 
5 256.7 232.4 235.0 254.0 
6 258.0 232.l 236.9 255.1 
7 266.4 231. l 243.8 280.5 
8 271.6 230.5 249.2 266.2 
9 282.7 242.5 230.9 230.5 250.9 280.0 280.7 289.2 
10 278.9 230.9 260.3 303.3 
132 
TABLE XXIII 
RUN .116, TWO-PHASE 
Mass flow rate: 73,700 lb/(hr)(sq. ft.) 
Coil current: 400 amps 
Coil voltage: 12.7 volts 
Average heat flux: 13s4QQ Btu/(hr)(sq. ft.) 
Inlet Outlet 
0 Temperature, F.: 248.7 226.2 
Pressure, psia: 29.2 19.4 
Steam quality: 63.3 84.2 
Outside wall temperature, OF.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 3150 
1 254.1 257.7 255.1 253.1 
2 253.3 255.1 256.6 255.4 253.9 251.5 251.9 252,2 
3 251. 8 255.4 252.2 251.0 
4 250.9 254.2 252.2 250.2 
5 249.7 253.8 250.4 249.l 
6 249.3 252.4 249,6 250.1 
7 249.9 252.9 248.2 249.2 
8 249.0 249.4 249.0 246.6 
9 245.6 249.5 248.8 248.5 246.3 245.2 244.4 246.1 
10 245.3 248.5 245.5 245.1 
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TABLE XXIV 
RUN 117, TWO-PHASE 
Mass flow rate: 76,200 lb/(hr)(sq. ft.) 
Coil current: 550 amps 
·• 
Coil voltage: 18.0 volts 
Average heat flux: 26' 100 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, OF.: 257.4 237.3 
Pressure, psia: 33.9 23.2 
Steam quality 64.1 100.0 (1. 4 OF. 
superheated) 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 268.1 274.5 269.9 265.9 
2 268.0 27L4 274.1 272.1 268.3 266.7 264.8 265.3 
3 266.0 272.5 267.1 264.1 
4 265.2 271. 3 266.5 263.2 
5 263.6 270.7 264.3 262.9 
6 272.1 272,3 267.3 262.4 
7 298.2 268.9 292.6 261. 7 
8 360.9 264.7 355.3 335.0 
9 419.9 345.4 274.8 291. 7 400.5 432.7 431.4 440.7 
10 443,7 278.0 427.9 448.3 
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TABLE XXV 
RUN 118, TWO-PHASE 
Mass flow rate: 67,800 lb/(hr) (sq. ft.) 
Coil current: 590 amps 
Coil voltage: 19.4 volts 
Average heat flux: 30,200 Btu/(hr)(sq. ft.) 
Inlet Outlet 
0 Temperature, F.: 261.0 359.0 
Pressure, psia: 36.1 24.4 
Steam quality: 59.3 100.0 (120°F. super-
heated) 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 274.3 281.2 275.7 271. 2 
2 273.3 277 .2 280.3 277 .9 273.7 270,0 270.4 270.8 
3 2711,4 279.0 272.8 269.5 
4 270.5 278.0 271. 9 268.8 
5 272.8 278.3 271. 3 268.1 
6 310.8 277. 2 308.6 268.9 
7 415.5 279.0 402.5 444.1 
8 454.2 283.7 453.7 467.2 
9 530.l 458.8 319.4 374.3 487.9 506.4 499.6 515.6 
10 671. 8 757.4 677 .o 596.5 
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TABLE XXVI 
RUN 119, TWO-PHASE 
Mass flow rate: 43,000 lb/(hr)(sq. ft.) 
Coil current: 400 amps 
Coil voltage: 13.0 volts 
Average heat flux: . 13,700 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, OF.: 232.5 221.9 
Pressure, psia: 21. 7 17.3 
Steam quality: 68.2 100.0 (1. 7 °F .. 
superheated) 
Outside wall O· temperature, F.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 318.4 245.5 244.7 260.5 
2 284.3 249.0 244.8 243.2 241.1 249.1 291.5 289.6 
3 293.2 244.4 241. 7 303.0 
4 316.2 243.9 273.6 355.5 
5 360.1 246.6 308.8 372. 7 
6 362.3 245.2 326.9 377 .1 
7 384.8 250,9 350.3 394.9 
8 397.2 254.8 375.4 416.1 
9 425.3 383,5 285.3 272.4 368.4 410.9 419.5 431.4 
10 436.8 289.3 389.0 438.2 
Mass flow rate: 
Coil current: 
Coil voltage: 
Average heat flux: 
Temperature, °F.: 
Pressure, psia: 
Steam quality: 
TABLE XXVII 
RUN 120, TWO-PHASE 
33,300 
400 
12.9 
13' 600 
Inlet 
221. 2 
17.6 
43.7 
136 
lb/(hr)(sq. ft.) 
amps 
volts 
Btu/(hr)(sq. ft.) 
Outlet 
215.4 
15.7 
87.9 
Outside wall temperature, OF. : 
Circumferential Location 
Station 
ao 45° 90° 135° 180° 225° 270° 315° 
1 228.2 235.7 232.8 227.9 
2 240.7 236.4 235.8 234.3 231.9 228.5 227.3 229.2 
3 299.1 237.9 231.4 268.6 
4 359.2 241. 3 233.8 327.8 
5 365.8 240.8 233.3 339.0 
6 369.6 239.5 236.3 357.7 
7 375.0 240.6 249.2 375.8 
8 324.2 236.5 238.7 291.6 
9 314.4 296.5 238.5 232.9 258.8 297.3 297. 2 374.5 
10 381.1 238.2 273.6 391. 0 
Mass flow rate: 
Coil current: 
Coil voltage: 
Average heat flux: 
T.ernperature, °F.: 
Pressure, psia: 
Stearn quality: 
TABLE XXVIII 
RUN 121, TWO-PHASE 
72, 700 
250 
7.9 
5,200 
Inlet 
256.0 
33.1 
84.7 
137 
lb/(hr) (sq. ft.) 
amps 
volts 
Btu/(hr)(sq. ft.) 
. Outlet 
235.0 
22.8 
94.1 
Outside wall temperature, °F.: 
Circurnf erential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 257.1 259.0 257.8 257.2 
2 256.7 257.2 258.2 257.7 256.9 256.0 256.8 256.7 
3 255.9 257.6 255.3 256.2 
4 255.7 257.1 256.3 255.2 
5 256.3 256.4 254.5 254.6 
6 253.9 253.9 254.1 253.5 
7 253.3 254.0 253.8 252.0 
8 254.2. 252.8 255.2 251.9 
9 256.4 253.7 252.3 252.4 257. 8 253.6 250.0 251. 8 
10 260.0 252.4 263.4 251.2 
Mass flow rate: 
Coil current: 
Coil voltage: 
Average heat flux: 
Temperature, OF.: 
Pressure, psia: 
Steam quality: 
TABLE XXIX 
RUN 122, TWO-PHASE 
80,700 
300 
9.6 
7,580 
Inlet 
257.3 
33.9 
86.4 
138 
lb/(hr)(sq. ft.) 
amps 
volts 
Btu/(hr)(sq. ft.) 
Outlet 
236.9 
23. 6 
98.1 
Outside wall temperature, OF.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 259.9 262.0 260.3 259.6 
2 259.l 260.0 261.3 260.4 259.2 258.1 258.9 258.9 
3 258.6 260.4 257.6 257.8 
4 259.6 259.7 259.9 257.1 
5 259.0 259.4 262.2 256.9 
6 269.5 258.9 2 70. 2 . 255,8 
7 276.2 257.5 279.5 261.1 
8 29002 257.0 289.9 282.l 
9 300,4 276.7 257.6 261. 7 293.4 300.9 295.5 301.8 
10 304.1 257.8 300.0 301. 5 
APPENDIX E 
HEAT TRANSFER DATA FOR LARGE COIL 
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Mass flow rate: 
Coil current: 
Coil voltage: 
Average heat flux: 
Temperature, °F.: 
Pressure, psia: 
Steam quality: 
TABLE XXX 
RUN 201, TWO-PHASE 
67,200 
380 
12.0 
12,100 
Inlet 
236.7 
23.5 
68.3 
140 
lb/ (hr) (sq. ft.) 
amps 
volts 
Btu/(hr)(sq. ft.) 
Outlet 
221. 7 
17.8 
88.5 
Outside wall temerature, OF.: 
Circumferential Location 
Station 
00 45° 90° 135° 180° 225° 270° 315° 
1 241. 8 243.8 242.1 242.1 
2 241.5 242.9 243.3 242.7 241.3 240.0 239.7 240.0 
3 240.5 242.5 240.1 239.0 
4 239.3 241. 8 239.9 238.l 
5 238.0 240.7 238.8 237.4 
6 237.6 240.5 238.3 236.5 
7 236.7 238.9 237.0 235.5 
8 237.4 237.9 237.2 234.1 
9 249.5 236.9 237.5 237.1 239.l 236.2 234.0 238.7 
10 247.9 236.4 243.9 233.9 
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TABLE XXXI 
RUN 202, TWO-PHASE \ 
Mass flow rate: 91, 600.,, lb/(hr)(sq. ft.) 
Coil current: 600 aamps 
Coil voltage: 19. 2 volts 
Average heat flux: 30,300 Btu/(hr)(sq. ft.) 
Inlet Outlet 
0 Temperature~ F.: 254.1 233.9 
Pressure, psia 32.1 22.4 
Steam quality 53.5 89.6 
Outside wall temperature, °F.: 
Circumferential Location • .. 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 267.7 271. 7 267.4 264.9 
2 267.4 269.a 270.7 269.0 266.3 264.5 264.1 265.4 
3 266.4 270.4 265.9 263.5 
4 264.9 269.3 265.4 262.0 
5 262.9 267.7 263.7 260.3 
6 260.9 266.9 263.2 259.6 
· .. :· 
7 261. 3 265.8 262.1 259.3 
8 259.3 . 264 .1 259.0 257.3 
9 259.4 260.7 262.9 262.9 259.3 257 .4 256.2 256.3' 
10 294.0 261.5 264.8 254.8 
Mass flow rate: 
Coil current: 
Coil voltage: 
Average heat flux: 
Temperature, °F.: 
Pressure, psia: 
Steam quality: 
TABLE XXXII 
RUN 203, TWO-PHASE 
80, 700 
250 
7.9 
5,200 
Inlet 
247.9 
28.7 
86.2 
142 
'lb/(hr)(sq. ft.) 
amps 
volts 
But/(hr)(sq. ft.) 
Outlet 
230.7 
21. l 
94.6 
Outside wall tempe:r;ature, oF.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 248.8 250.0 247.6 248.6 
2 248.0 248.6 248.9 248.8 248.2 247.8 247.8 248.0 
3 247.3 248.3 247.3 247.0 
4 246.4 247.4 246.2 246.1 
5 245.4 246.6 245.7 247.2 
6 2~7.1 246.2 246.7 244.9 
7 248.6 245.2 251. 7 243.4 
8 250.0 244.0 253.8 243.2 
9 256.4 243.9 242.7 243.7 254.3 254.1 243.2 253.0 
10 256.1 243.l 257.5 244.8 
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TABLE XXXIII 
RUN 205, TWO-PHASE 
Mass flow rate: 78,900 lb/(hr)(sq. ft.) 
Coil current: 550 amps 
Coil voltage: 18.0 volts 
Average heat flux: 26,100 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, OF.: 252.l 238.0 
Pressure, psia: 31.0 23.1 
Steam quality: 65.6 100.0 (2.4 °F. 
superheated) 
Outside wall temperature, °F.: 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 263.9 267.3 263.4 260.7 
2 263.3 265.9 266.6 265.2 262.2 260.2 259.8 260.5 
3 261.2 265.6 261. 3 258. 6 
4 259.5 264.9 260.5 257.2 
5 259.8 263.4 258.3 255.9 
6 278.6 263.1 267.3 254.7 
7 318.2 263.0 323.0 381.5 
8 355.4 363.2 368.7 273.2 
9 430.9 331.0 270.8 293.9 412.8 450.5 461.6 457.0 
10 456.6 278.5 456.4 480.0 
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TABLE XXXIV 
RUN 206, TWO-PHASE 
Mass ·flow rate: 42,200 lb/(hr)(sq. ft.) 
Coil current: 400 amps 
Coil voltage: 13.0 volts 
Average heat flux: 13,700 Btu/(hr)(sq. ft.) 
Inlet Outlet 
Temperature, OF.: 230.7 223.6 
Pressure, psia: 21.0 17.5 
Steam quality: 68.5 100.0 (2.7 °F. 
superheated) 
Outside wall temnerature, °F.: 
. 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 315° 
1 299.2 242.3 244.2 335.4 
2 296.8 245.3 242.0 240.7 245.9 300.2 345.9 336.1 
3 307. 9 242.0 242.7 351. 7 
4 332.6 243.0 255.2 360.5 
5 343.5 241.6 276.8 373.8 
6 368.3 243.2 298. 5 384.7 
7 379.5 244.2 341.0 407.5 
8 385.1 244.9 365. 8 421.4 
9 422.1 363.6 266.5 267.9 368.2 419.2 436.9 442.3 
10 451.4 300.4 398.1 455.3 
APPENDIX F 
ERROR ANALYSIS 
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ERROR ANALYSIS 
The three variations which are used in calculating the heat trans-
fer coefficients all have some degree of uncertainty associated with 
them. These three variables are the inner surface heat flux, the inner 
surface temperature, and the temperature of the two-phase mixture. The 
heat transfer coefficient is calculated as: 
Q/A 
The uncertainty in the heat transfer coefficient is: 
dh 
or: 
df d(Q/A) + df d(L'iT) 
a(Q/A) a(tiT) 
dh = d(Q/A) 
L'IT 
(Q/A) d(L'iT) 
tiT2 
Dividing by the expression for the heat transfer coefficient: 
dh 
h 
d(Q/A) 
(Q /A) -
cj.(L'IT) 
L'IT 
(F-1) 
(F-2) 
(F-3) 
(F-4) 
The maximum error will occur when errors are such that all of the terms 
in the above expression are positive. The uncertainty in the heat flux 
is due to uncertainties in several measured experimental variables, 
namely coil current, coil voltage, outside tube wall temperatur~ pro-
file, and room temperature. In addition, any calculational uncertain-
ties in the numerical solution for wall temperature profile and heat 
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flux add to the uncertainty. The coil current and voltage were meas-
ured on Weston meters having an accuracy of 1% of the full scale read-
ings of 750 amps and 50 volts respectively. The outside tube wall 
temperatures were measured with iron-constantan thermocouples which 
were calibrated in place on the coil. The uncertainty in these measure-
ments for temperatures below 300 °F. is estimated to be less than 0.5oR 
For higher temperatures the uncertainty could be as high as z°F. The 
room temperature was measured within 0.5°F. by a calibrated mercury 
thermometer. The uncertainty in the heat flux due to the uncertainties 
named above is estimated to be no greater than 5%. 
The uncertainty in the temperature difference between the inner 
tube surface and the two-phase mixture is produced by uncertainties in 
a number of measured variables. These variables are: 
1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 
9) 
10) 
11) 
coil current--7.5 amps; 
coil voltage--0.5 amps; 
outside tube wall temperature--0.5-2.0 °F.; 
room temperature--0.5 °F.; 
coil inlet temperature--0.5 °F.; 
0 
coil outlet temperature--0.5 F.; 
coil inlet pressure--0.3 psi; 
coil outlet pressure--0.l psi; 
atmospheric pressure--0.l psi; 
liquid makeup flow rate--0.5%; and 
total coil flow rate--0.2%. 
The uncertainties in each of the variables are shown in the list above. 
The combined effect of these uncertainties is estimated to be 10%. The 
maximum uncertainty in the heat transfer coefficient is: 
dh (h )max d(Q/A) d(flT) (Q/A) + llT 
0.05 + 0.1 0.15 
15% 
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APPENDIX G 
CALIBRATION OF THERMOCOUPLES, ROTAMETERS, AND 
COIL HEAT LOSS 
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TABLE XXXV 
CALIBRATION OF THERMOCOUPLES FOR SMALL COIL 
Circumferential Location 
Station 
00 450 900 135° 1800 2250 2700 1350 
1 -0.013 -0.020 -0.015 -0.027 
2 -0.022 -0.021 -0.022 -0.017 -0.015 -0.024 -0.035 -0.024 
3 -0.030 -0.025 -0.020 -0.0ll 
4 -0.018 -0.006 -0.040 -0.021 
5 -0.026 -0.029 -0.027 -0.007 
6 -0.016 -0.013 -0.017 -0.018 
7 -0.012 -0.010 -0.0ll -0.005 
8 -0.010 -0.003 -0.004 -0.0ll 
9 -0.010 -0.011 -0.015 -0.007 -0.011 -0.008 -0.024 -0.010 
10 -0.015 -0.015 -0.018 -0.004 
Note: The numbers in this table are thermocouple emf's in millivolts. 
Readi~gs were taken with steam bleeding through the coil and with 
a steam bath reference junction at atmospheric pressure. 
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TABLE XXXVI 
CALIBRATION OF THERMOCOUPLES FOR LARGE COIL 
Circumferential Location 
Station 
oo 45° 90° 135° 180° 225° 270° 135° 
1 -0.025 -0.025 -0.035 -0.028 
2 -0.030 -0.037 -0.031 -0.030 -0.035 -0.032 -0.029 -0.029 
3 -0.029 -0.030 -0.030 -0.033 
4 -0.031 -0.032 -0.028 -0.033 
5 -0.049 -0.026 -0.031 -0.036 
6 -0.027 -0.028 -0.031 -0.030 
7 -0.025 -0.030 -0.035 -0.030 
8 -0.030 -0.023 00.034 -0.028 
9 -0.025 -0.026 -0.030 -0.030 -0.031 -0.034 -0.035 -0.030 
10 -0.026 -0.032 -0.035 -0.033 
Note: The numbers in this table are thermocouple emf's in millivolts. 
Readings were taken with steam bleeding through the coil and 
with a steam bath reference junction at atmospheric pressure. 
TABLE XXXVI I 
CALIBRATION OF ROTAMETER NO. 3 
(Water Temperature = 180°F.) 
Scale Reading Flow, lb/min 
20 2.76 
19 2.58 
18 2.40 
17 2.24 
16 2.09 
15 1.90 
14 1. 76 
13 1.61 
12 1.47 
11 1.33 
10 1.19 
9 1.05 
8 0.898 
7 0.782 
6 0.661 
5 0.550 
Results of Regression: 
Flow, lb/min = 0.00554 + 0.0977(Scale) 
+ 0.00197(Scale)2 + 0.00000108(Scale)3 
Average error of experimental points = 0. 488% 
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TABLE XXXVIII 
CALIBRATION OF ROTAMETER NO. 4 
(Water te'mperature = 180°F.) 
Scale Reading Flow, lb/min. 
7 0.379 
6 0.321 
5 0.270 
4 0.216 
3 0.166 
Results of Regression: 
Flow, lb/min = 0.00291 + 0.059l(Scale) 
+ 0.00222(Scale) 2 - 0.000205(Scale) 3 
Average error of experimental points = 0. 381% 
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TABLE XXXIX 
CALIBRATION OF HEAT LOSS FOR SMALL COIL 
Atmospheric pressure = 14.3 psia 
Room temperature = 76°F. 
Water effluent from coil = 0.0146 lb/min 
Steam effluent from coil 0.101 lb/min 
Saturation temperature at 14.3 psig = 211°F. 
Water enthalpy at 14.3 psia 179 Btu/lb 
Steam enthalpy at 14.3 psia = 1150 Btu/lb 
Heat balance: 
Heat loss = Heat in - Heat out 
= (0.101 + 0.0146)(1150) - [(0.101)(1150) 
+ (0.0146)(179)] 
14.2 Btu/min 
~T (coil to ambient) for heat loss 
135°F. 
211 - 76 
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TABLE XL 
CALIBRATION OF HEAT LOSS FOR LARGE COIL 
Atmospheric pressure = 14.3 psia 
Room temperature = 78°F. 
Water effluent from coil 0.0148 lb/min 
Steam effluent from coil = 0.113 lb/min 
Saturation temperature at 14.3 psia - 211°F. 
Water enthalpy at 14.3 psia = 179 Btu/lb 
Steam enthalpy at 14.3 psia 1150 Btu/lb 
Heat balance: 
Heat loss = Heat in - Heat out 
= (0.113 + 0.0148)(1150) - (0.113)(1150) 
+ (0.0148)(179) 
= 14.4 Btu/min 
~T (coil to ambient) for heat loss = 211 - 78 
133°F. 
155 
NOMENCLATURE 
A area, ft2 
a area for heat conduction in numerical solution, ft 2 
Cp heat capacity, Btu/(lb)(°F.) 
D helix diameter, ft. 
d tube diameter, ft, 
d distan~e for heat conduction in numerical solution, ft. 
EMF thermocouple reading, mv 
f friction factor, dimensionless 
f arbitrary function 
G mass velocity, lb/(hr)(sq. ft.) 
gc dimensional constant, (lb/lbf)(ft/sec2) 
h heat transfer coefficient, Btu/(hr)(sq. ft.)(°F.) 
h circumferential average heat transfer coefficient, 
Btu/(hr)(sq. ft.)(°F.) 
i indexing number 
I electric current intensity, amps 
j indexing number 
k thermal conductivity, (Btu)(ft)/(hr)(sq, ft.)(°F.) 
k average thermal conductivity, (Btu)(ft)/(hr)(sq. ft.)(°F.) 
1 coil axial distance, ft. 
Nu Nusselt number, (h:), dimensionless 
n number of radial slices in tube wall 
156 
Pr Prandtl number, (Cpµ/k), dimensionless 
p pressure, psia or psig 
~p pressure drop, psi 
Q heat flow, Btu/hr 
Q/A heat flux, Btu/(hr)(sq. ft.) 
Re Reynolds number, (dG/µ), dimensionless 
Reg Superficial Reynolds number of gas phase, dimensionless 
R helix radius, ft. 
RQ ratio of measured coil heat generation rate to calculated coil 
heat generation rate, dimensionless 
r 
T 
~T 
TCF 
w 
x 
x 
µ 
p 
e 
radius of unbent tube, ft, 
mean radius of two adjacent increments, ft. 
0 temperature, F. 
temperature difference, °F. 
thermocouple correction factor, mv 
mass flow rate, lb/hr 
Lockhart-Martinelli parameter, dimensionless 
steam quality, dimensionless 
local value of tube wall thickness, ft. 
tube wall thickness of unbent tube, ft, 
viscosity, lb/(ft)(hr) 
density, lb/ft 3 
electrical resistivity, (ohm)(sq. ft,)/ft 
angle measured clockwise from vertical, radian 
angle which subtends a one foot length of the coil, radian 
157 
ace accelerational 
cal · calcula te.d 
er critical 
est estimated 
exp experimental 
f fluid 
f frictional 
g gas or vapor phase 
Subscripts 
gc gas phase flowing alone in coil 
H20 liquid phase 
i index 
in coil inlet 
j index 
1 liquid phase 
le liquid phase flowing alone in coil 
max maximum 
out coil exi.t 
r radial direction 
s single-phase liquid 
sat saturation 
steam vapor phase 
t total 
tt both vapor and _liquid phases turbulent 
total total 
w wall 
xs cross-sectional 
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z axial direction 
~ circumferential direction 
0 top of tube 
90 inside wall of tube 
180 bottom of tube 
270 outside wall of tube 
7 axial position 7 
71 axial position .7, thermocouple position 1 
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